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Abstract 

Thermal spray coatings applied with high velocity techniques produce dense, industrial 

quality coatings with strong adhesion and minimal decomposition. This thesis reports on 

investigations of splat-substrate interactions for both solid and molten splats. Specifically, 

individual particles were studied to see how the particle is altered during the spray coating 

process, how they bond to the substrate and the role of surface oxides.  

 

Investigations of NiCr particles high velocity air fuel (HVAF) thermally sprayed onto 

different materials found that soft substrates predominantly had deeply penetrating solid 

particles, whereas harder substrates resisted particle penetration and had a higher percentage 

of molten splats. This effect is caused by particle kinetic energy converted into heat during 

plastic deformation. The percentage of particle kinetic energy converted into heat is 

proportional to substrate hardness. It was also discovered that during the coating process the 

oxide is not removed or altered in composition, but becomes redistributed over a larger 

surface area due to the plastic deformation of the substrate. During this process, small scale 

redistribution and penetration of the oxide material by the incoming particle occurs. These 

results support the idea that successful bonding can occur only when the surface oxide on the 

substrate and on the coating material has been disturbed (for solid splats) or disrupted (for 

molten splats). 

 

To date, our knowledge of solid splat bonding processes within thermal spray coatings has 

been very subjective where mechanical and chemical bonding has been expected to 

contribute. In this thesis, the splat-substrate interface was investigated with focused ion beam 

(FIB) microscopy, cross-sectional SEM and cross-sectional TEM. For solid NiCr splat 

HVAF coatings, the discovery of interfacial formations, together with no evidence of 

chemical bonding across the particle-substrate interface suggest that mechanical bonding is 

the dominant bonding mechanism for solid splat coatings; where as chemical bonding only 

plays a role when splats and/or substrate become molten. 
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Chapter 1. Introduction 

Thermal spray coatings are used in a wide range of industries to modify the surface 

properties of components for many purposes. For example, thermal spray coating can be 

applied to provide; thermal barriers, conductive layers, medically compatible layers, 

corrosion resistant layers or wear resistant layers. They are a family of processes that 

accelerate particles of coating material to velocities exceeding 600 ms-1 [Smith 1992]. High 

velocity thermal spraying can be achieved by burning high gas flows of hydrocarbon gas in 

oxygen (High Velocity Oxygen Fuel – HVOF) or in air (High Velocity Air Fuel – HVAF) 

[Browning 1992]. The high velocities of the particles in HVAF and HVOF cause the sprayed 

particles to plastically deform as they strike the surface of the substrate or previously sprayed 

splats to form remarkably continuous uniform solid layers. Over the past decade, industries 

have moved to the application of high velocity thermal spraying techniques that produce 

dense, metal and cermet industrial quality coatings with strong adhesion and minimal 

decomposition. 

 

Splats are the fundamental building block of thermal spray coatings. The microstructure of 

the resultant splats ultimately affects the bulk thermal, mechanical and electrical properties of 

the coating. Studying individual splats to learn about the how splats are altered during the 

spray coating process and how they bond to the substrate or other splats, may ultimately 

provide the ability to predict and control coating properties. The overall objective of this 

thesis was to study how individual splats bond to the substrate and examine parameters that 

affect the splat-substrate interaction.  

 

Details of thermal spray methods and background knowledge are presented in Chapter 2. 

Experimental methodologies for preparing and investigating single splat samples are 

described in Chapter 3. This chapter also describes characterisation of the bulk and surface 

properties of the NiCr powder material and coatings. In the family of thermal spray 

techniques, the HVAF thermal spray method is a medium temperature process where sprayed 

particles can be either solid or molten. While solid splat coatings and molten splat coating 
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have been widely studied, not much is known about this region of the thermal spray coating 

process where HVAF can produce both solid and molten splats. The solid-molten splat 

transition is investigated and discussed in Chapter 4 (“Effect of substrate”). 

 

Bonding mechanisms in solid splat coatings thermally sprayed using the HVAF thermal 

spray method were investigated in Chapter 5. The principal mechanism for bonding of splat 

to substrate or splat to splat is traditionally attributed to mechanical bonding where the 

particle plastically moulds itself to the surface irregularities of the substrate or previously 

sprayed splats. The second mechanism for bonding is attributed to chemical bonding between 

the splat and the substrate or between the splats. Evidence of chemical bonding has been 

found in thermal spray coatings where the feedstock material becomes molten or semi-

molten during the coating process. For example, such bonding has been identified in coatings 

prepared using plasma-spraying, flame wire process and in high velocity oxygen fuel 

(HVOF) spraying. However, it remains unclear which bonding mechanisms are dominant 

when the feedstock remains un-molten during HVAF or cold spray coating processes. An 

investigation of solid splat bonding is presented in Chapter 5 (“Interfacial bonding of solid 

NiCr splats”). A comparative investigation of molten splats and heated substrates is 

presented in Appendix 7 (“Effect of additional heating”). In the final experimental Chapter 6 

(“The effect of surface oxide”), an investigation of surface oxide on splat bonding is 

presented. Chapter 7 summarises the results and conclusions. 



Chapter 2. Literature Review 

 3 

Chapter 2. Literature Review 

In this chapter, an overview of the applications and methods of thermal spraying with 

emphasis on high velocity coating techniques is presented. This is followed by a brief review 

of coating structure, interfacial bonding processes and a description of the experimental 

methods used in this thesis.  

 

2.1. Thermal Spray – introduction 

 
Thermal spray processing, due to its ability to deposit almost any material or combinations of 

materials, has a wide range of functional applications as described in Table 2-1. For example, 

thermal spray coatings have become critical to enhancing the performance of many base 

metals in spacecraft, aircraft engines gas turbines, chemical reactors, metal working mills, 

textile guides, bridges pumps compressors, medical prostheses and even household items 

such as frying pans. 

 
 

Table 2-1: Thermal spray coating applications [Smith 1992]. 
 

Coating function  Description  Typical coating material 
Wear coatings  To resist abrasion, erosion, 

cavitation and friction. 
Metals, alloys, ceramics, carbides or low 
friction plastics 

Thermal barrier 
coatings  

To reduce the temperature and 
oxidation of components in engines 

Zirconium and/or aluminium oxides 

Corrosion resistance 
coatings   

To protect the base material from 
environmental, or acidic corrosion 

Noble metals, cermets, chemically inert 
ceramics or plastics 

Abradables and 
abrasive coatings 

To provide clearance between 
rotating and stationary parts 

Aluminium, zirconia, polyester graphite, 
cermets 

Electrically 
conductive coatings  

To provide conductivity to a 
components or to shield from EM 
interference. 

Silver copper aluminium zinc and bronze 
alloys 

Electrically resistive 
coatings  

To provide dielectric insulating 
layers 

Alumina, titania and other oxide 

Dimensionally 
restorative coatings   

To repair or resurface up to 3mm 
thick. 

Metals 

Medically 
compatible coatings  

To provide biocompatible surfaces 
for tissue adhesion or improve wear 
of components 

Biocompatible titanium and /or 
hydroxylappatite 

Polymer coatings  To protect against chemical attack Polymers  
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Thermal spray coating processes differ from other coating processes in that they are not 

atomistic processes by which individual ions or atoms attach to a surface. Instead, liquid 

droplets, or liquid and solid particles, deposit onto a surface. Thermal spray processes have 

higher coating rates and wider compositional ranges compared to other Physical Vapour 

Deposition or Chemical Vapour Deposition coating processes [Smith 1992]. Thermal spray is 

an overlay coating process as shown in Figure 2-1. Thermal spray processes, rely on two 

basic operational mechanisms: 

• Propulsion of particles or droplets toward a substrate. 

• Adherence of the particles or droplets to a substrate or previously deposited splats 

upon impact. 

 

The particles or droplets of material are propelled by a jet of gas. The impact velocity of the 

particle or molten droplet will depend on the velocity of the jet, the “drag forces” of the 

particle/droplet in the jet and the “dwell time” of the particle/droplet in the jet. The impact 

velocity plus the particle temperature of the particle/droplet is important since it is generally, 

accepted that higher particle/droplet impact energy lead to a higher degree of particle 

deformation, leading to better coating bonds and higher deposit densities. The impacting 

particles form overlaying “splats” on the substrate or previously deposited splats to build up a 

coating of any desired thickness. There is very little or no mixing of between the coating and 

the substrate thus preserving the base material’s composition. Thermal spray coatings, 

therefore, enhance the performance of materials by imparting specific properties to the 

surface, while at the same time preserving the attributes of the substrate. 
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Figure 2-1: General thermal spray process [Smith 1992]. 
 

2.2. Thermal spray techniques 

The wide range of thermal spray processes can be split into four broad categories (Figure 2-

2) based on the “heating” mechanism: 

1. Combustion 

2. Wire arc 

3. Plasma spray 

4. Cold spray 

 

In addition to the mode of heating, the techniques differ in the resultant particle temperature 

and velocity as displayed in Figure 2-3. It can be seen that cold spray, HVAF and HVOF 

thermal spray processes are distinct from the other thermal spray processes due to the 

combination of having high particle velocities together with relatively low particle 

temperatures. 
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Figure 2-2: Diagram of cold spray and thermal spray processes [adapted from Smith 1992] 
The techniques in bold are of primary interest in this thesis. 

 
 
 

 

 
 

Figure 2-3: Plot of particle velocity versus particle temperature  for cold spray and thermal 
spray processes.  

 

Cold spray and Thermal spray processes  

Cold spray Combustion Plasma Electric/Wire Arc 

Low velocity High Velocity 

D-Gun 

HVOF 

HVAF 

Flame-wire 

Flame-powder 

Air (APS) Chamber Air Chamber 

Low velocity 

High velocity 

Shroud 

Vacuum (VPS) 

Inert 

Underwater 

Shroud 

Vacuum 

Inert 

Cold  
Spray 
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Table 2-2: Comparison of Cold Spray [Assadi 2003, Gujicic 2004] and Thermal Spray 
Processes [Smith 1992, Browning 1992]. 

 
Attribute Cold Spray HVAF HVOF D-Gun Flame spray Air Plasma Wire Arc 

Jet temp  ºC 450-650 900-1500 1300-2000 5300 3300 15000 >25000 
Particle  temp  ºC 350-450 800-1300 1200-1900 N/A 2200 >3500 >3500 
Jet velocity m/s 400-1000 500-2000 500-2200 >1000 50-100 300-1000 50-100 
Particle vel. m/s 400-1000 200-1000 200-1100 N/A 50-100 200-800 50-100 
Bond strength MPa  >70 >70   >34  
Oxides  none none Mod to 

dispersed 
small high Mod to 

coarse 
Mod to high 

 
 

2.2.1. Cold Spray 

The cold-gas dynamic-spray process, often referred to as simply “cold spray”, is a high-rate 

material deposition process in which fine, solid powder particles (generally 1–50 �m in 

diameter) are accelerated in a supersonic jet of compressed (carrier) gas to velocities in a 

range between 500 and 1000 m/s [Grujicic 2004]. As the solid particles impact the target 

surface, they undergo plastic deformation and bond to the surface, rapidly building up a layer 

of deposited material. Cold spray as a coating technology was initially developed in the mid-

1980s at the Institute for Theoretical and Applied Mechanics of the Siberian Division of the 

Russian Academy of Science in Novosibirsk [Alkhimov 1994, Tokarev 1996]. The Russian 

scientists successfully deposited a wide range of pure metals, metallic alloys, polymers, and 

composites onto a variety of substrate materials. In addition, they demonstrated that very 

high coating deposition rates on the order of 5 m2/min (~ 300 ft2/min) are attainable using the 

cold-spray process.  

A simple schematic of a typical cold-spray device is shown in Figure 2-4. Compressed gas of 

an inlet pressure on the order of 3450 kPa (30 bar, 500 psi) enters the device and flows 

through a converging/diverging nozzle to attain a supersonic velocity. The solid powder 

particles are metered into the gas flow upstream of the converging section of the nozzle and 

are accelerated by the rapidly expanding gas. To achieve higher gas flow velocities in the 

nozzle, the compressed gas is often preheated. However, while preheat temperatures as high 

as 900 K are sometimes used, due to the fact that the contact time of spray particles with the 

hot gas is quite short and that the gas rapidly cools as it expands in the diverging section of 

the nozzle, the temperature of the particles remains substantially below the initial gas preheat 

temperature and, hence, below the melting temperature of the powder material.  
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Figure 2-4: Schematic of a typical cold-gas dynamic-spray system [Grujicic 2004]. 
 
 
 

2.2.2.  Combustion: HVOF, HVAF 

General principles 
High velocity oxy-fuel (HVOF) and high velocity air fuel (HVAF) processes typically have 

some of the highest particle velocities at relatively low gas temperatures. The high particle 

velocities result in high impact energies, thus ensuring excellent bond strengths (> 70 MPa) 

and very low porosity levels (<5%) of the coatings. Low gas temperatures and short dwell 

times limit the maximum particle temperatures achievable, therefore they are less suitable for 

ceramics which have high melting points, but are advantageous for cemented carbides and 

other materials with low melting points or materials prone to degradation at high 

temperatures. 

 

The HVOF spray process was invented in 1958 by Smith et al of Union Carbide and 

commercially introduced in 1974 by Browning. The HVOF process combusts a hydrocarbon 

(usually kerosene) and oxygen mixture, under pressure in a water cooled chamber. The 

combustion gas accelerates down a confined water cooled tube. Powders, with carrier gases, 

are fed into the nozzle where the particles are entrained with the confined high pressure 

combusting gases. The gun is designed to achieve high gas flows with supersonic expansion. 

The gas exit velocities are so high (typically 1000 ms-1) that multiple “shock” diamond-
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shaped patterns are observed in the gas jets (Figure 2-5) indicating that supersonic velocities 

have been attained [Smith 1992]. 

 

 
 

Figure 2-5: HVAF thermal spraying Browning Aerospray gun (150 model) at Holsters 
Engineering Tokoroa NZ. Characteristic supersonic multiple “shock” diamond-shaped 

patterns are visible in the gas jet. 
 

The spray guns in these classes vary in the design and length of the nozzle, design and 

location of the combustion chamber, geometry and location of the power feed and the fuel 

used. The majority of HVOF systems use a gaseous fuel, such as acetylene, propane, 

propylene, hydrogen or MAPP (Methylacetylenepropadiene), with only the JP-5000 �HVOF 

system commonly using liquid kerosene [Pawlowski 1995, Sturgeon 1993]. All of the HVAF 

systems use kerosene. The HVAF system was originally developed as a cheaper alternative 

to the HVOF thermal spray process. Initial studies suggest that coatings sprayed with HVAF 

have the advantage of not exhibiting the oxidation or decarburization effects observed in 

HVOF coatings [Jacobs 1998, Jacobs 1999a, Jacobs 1999b, Joshi 1991, Ahmed 2001, 

Deshpande 2006]. 

 

�
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Gun designs 
Combustion and powder injection are achieved differently in four main designs [Smith 

1992]: 

1. Ignition of the fuel/oxygen mixture occurs within a combustion chamber. The 

combustion gases are then directed to a mixing region where the powder is injected via a 

carrier gas. The Jet Kote system operates on this principle, Figure 2-6a. 

2. Fuel and oxygen are combusted within a central axial combustion chamber. The powder 

is fed in a carrier gas through an axial tube into the combusted gases. This is used in the 

Diamond Jet �system. 

� �  The fuel, oxygen and carrier gas/powder are injected into a central combustion chamber 

and continuously combusted. The particles are heated within the combusting gas and 

accelerated with the exhaust gas stream. The CDS, Top Gun �and Microjet �systems are 

based on this principle, Figure 2-6b.�

� �  Combustion occurred within a central combustion chamber, the exhaust gases escaping 

through a throat section into a nozzle. Powder, entrained in a carrier gas, is injected after 

the throat region. This generic process forms the basis of the JP-5000 �HVOF system 

Figure 2-6c and both the Aerospray �and Accel-Jet �HVAF spray systems, Figure 2-6d.�

 

Following combustion, the combustion gases and entrained powder expand through a nozzle 

based on one of two principle designs. Barrel nozzles form a straight cylinder from the outlet 

of the combustion chamber, Figure 2-6a. Supersonic flow is only achieved as the gas exits 

the barrel. De Laval nozzles incorporate a converging section at the exit of the combustion 

chamber, forming a constricting throat, followed by a diverging region, Figure 2-6c. 

Supersonic velocities are reached inside the nozzle, imparting greater speeds and increased 

heat transfer to the sprayed particles [Smith 1992]. 
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(a) The JetKote� system, where 
the fuel and air are combusted 
separately and directed into a 
mixing region where the powder 
is heated. The gun uses a 
straight barrel which is water 
cooled [Smith 1992]. 
 
 
 
(b) The Microjet � and Hipojet 
HVOF systems are small, hand 
held guns similar to the larger 
CDS and Top Gun HVOF 
systems. The powder is axially 
injected into the combustion 
area. The nozzle is air cooled. 
Schematic supplied by Metal 
Spray Suppliers (NZ) Ltd. 
[Mathews 2004].  
 
 
(c) The JP-5000� HVOF system, 
where the powder is radially 
injected into the low pressure 
region down stream of the 
converging-diverging nozzle. 
The system is water cooled 
[Smith 1992]. 
 
 
(d) The generalised HVAF 
system, variations of which 
form the basis of the Aerospray�� 
and Accel-Jet systems. Air is 
used to cool the gun prior to 
combustion. A converging-
diverging nozzle is used, with 
powder injected into the same 
region as the system above 
[Smith 1992]. 
 

 

 
 
 
 

 
 
 
 
 

 
 
 

 
Figure 2-6. Schematic illustrations of the most common HVOF and HVAF thermal spray 

systems. [Smith 1992, Sturgeon 1993, Mathews 2004]. 
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Velocity and Temperature of the Jet and Particles  
The variation in physical design and operating conditions (gas pressures and flow rates, fuel 

composition, spray distance etc) means that each system generates its own characteristic 

thermal and velocity profiles in the gas jet. These factors dictate the degree of particle 

heating, the exposure period to oxidising gases and the extent of deformation upon impact. 

HVAF is a low temperature thermal spray process compared to HVOF where their typical 

combustion temperatures have been estimated [Browning 1992] to be 1870 ºC and 2650 ºC 

respectively. HVAF differs from HVOF in using air rather than oxygen as the oxidant and 

the air is used to cool the nozzle. 

 

The gas cools as it leaves the combustion chamber and expands into the nozzle where the gas 

jet achieves supersonic expansion. Hence, the gas temperature in the nozzle where the 

feedstock powder is inserted is much lower than the gas temperature in the combustion 

chamber. For a chamber pressure of 414 kPa (60 psi), the gas temperature falls to 

approximately 1300 ºC and 1900ºC, respectively in the diverging section of the nozzle 

[Browning 1992]. In addition, the contact time of the spray particles with the gas jet is quite 

short (ie of the order of 200 �s for a particle velocity of 700 ms-1 and a spray distance of 15 

cm) and the particles will become only partially heated. As the spray particles and gas travel 

from the gun to the substrate, the gas continues to cool as it expands resulting in particles 

with high kinetic energy, but with low thermal energies. 

 

The temperature of the substrate during the thermal spray process depends not only on the 

temperature of the impacting powder particles, but also on how much of the powder particle 

kinetic energy is converted into thermal energy, as well as additional heating associated with 

the gas jet. Measurements of HVOF particle velocities show distributions with standard 

deviations similar to the temperature distribution [Li 2004, Kowalsky 1990]. An example of 

a HVOF velocity distribution for HVOF thermal spray [reproduced from Mingheng Li et al 

2004] is shown in Figure 2-7 and [Kowalsky et al 1990] in Figure 2-8. 
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Figure 2-7: Particle velocity distributions for HVOF thermal spray [from M. Li et al 2004]. 
 
 
 

 
 

Figure 2-8: Laser velocimeter 2-D Particle velocity distributions for HVOF thermal spray 
[from K.A. Kowalsky et al 1990]. 
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2.2.3.  Plasma  

Plasma, the “fourth state of matter”, is achieved when the atoms become ionised, where the 

independent electrons and ions have similar energies. Energy sources for thermal plasmas 

can be microwaves, gamma radiation, electromagnetic RF or induction-coupled fields, and 

either AC or DC arcs. In plasma spray coating, a hot gas jet created by the arc/plasma column 

expands, entrains the coating particles, heats the particles, and accelerates the particles to 

form a coating. Very high jet temperatures (>15000 ºC) cause a high degree of particle 

melting and relatively high velocities which lead to improved deposition densities (>95%) 

and bond strengths (>35 MPa) compared to other techniques such as flame and wire arc 

spray coatings. Plasma thermal spraying is used widely, especially for spraying ceramic 

coatings. To successfully prepare ceramic coatings, ceramic particles must become molten 

which is easily achieved with plasma spraying.   

 

 

 
 

Figure 2-9: Schematic representation of a plasma spray gun [Smith 1992]. 
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2.2.4.  Electric/Wire arc 

Wire-arc spray processes utilize the DC electric arc to directly melt consumable electrode 

wires, unlike other thermal spray processes which indirectly heat the particles through heated 

gas jets. Thus the thermal efficiency of the wire-arc spray is higher than that of all the 

thermal spray processes. In wire-arc spraying, electric current is carried by two electrically 

consumable wires with an electric arc forming between the wire tips in the gap where the two 

wires are continuously being converged. A high velocity air jet blowing from behind the 

moving wires strips away the molten metal which continuously forms as the wires are melted 

by the electric arc. The high velocity air jet breaks up or atomises the molten metal into finer 

droplets and accelerate them onto the substrate surface to form a coating.  

 

The cool atomising air, is only heated partially in the arc and the molten metal, eliminating 

the hot jets typical of other thermal spray methods. This provides the wire-arc spray with the 

major advantage for applications where coating/substrate temperatures need to be kept low. 

The wire-arc spray process is even able to deposit coatings onto polymers, fibreglass, wood 

and paper products as well as metallic or glass substrates. 

 

 
 

Figure 2-10: Schematic representation of the wire-arc spray process [Smith 1992] 
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2.3. Coating Structure  

The overlapping splats lock onto one another to form a continuous coating layer. The deposit 

or coating is built up by successive impact of solid particles or molten droplets as shown in 

Figure 2-1.  Thermally sprayed coatings have a very distinct microstructure (as shown in 

Figure 2-11.) where splats (solid and/or molten) form overlapping structures. At some 

locations, gaps may be found between the splats. The ratio of the volume of gaps with respect 

to the volume of splats is called porosity. Depending on the temperature of the thermal spray 

technique and the material being sprayed, oxide inclusions may also be found within the 

microstructure. The microstructure of the resultant splats will ultimately affect the bulk 

thermal, mechanical and electrical properties of the coating.   

 

 

Figure 2-11: Schematic microstructure of a thermal spray coating. [Smith 1992] 
 

In general, the coating structure is influenced by two key factors: 

1. Particle and substrate material properties: In particular the melting point, ductility, 

hardness and thermal conductivity of the particle and substrate material. Low melting 

point materials are more likely to melt in the gun or flame during the acceleration of 
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powder material. The relative hardness of the particle and substrate materials will affect 

the relative deformation of the particle and the substrate. The thermal conductivity of the 

particle and substrate materials will affect how the heat is dissipated after the splat has 

come to rest.  

2. Particle temperature and velocity: The temperature and velocity of a particle during the 

thermal spray process relative to the particle’s melting point will determine if the particle 

is molten before impact or if it becomes molten during impact. The particle is heated 

within the accelerating apparatus plus heat is gained from conversion of kinetic energy 

during the impact process.  

 

In general, the physical state of material being coated is dependent on the thermal spray 

technique (Table 2-3). The cold spray process only slightly heats the spray coating material 

and usually produces solid particles. The Plasma spray process is a very hot thermal spray 

process producing only molten droplets. In HVAF/HVOF thermal spray methods, sprayed 

particles only reach temperatures in the range of 800 -1900 ºC. Hence the state of the particle 

depends on both the heat gained during acceleration plus the conversion of the particle 

kinetic energy into heat and the melting point of the particle material. 

 

Table 2-3: Physical states of splats typically observed for various thermal spray methods. 
 

Thermal Spray method Particle State Particle Temperature 
Cold spray Solid < 350-1000 ºC 

HVAF Solid 800-1300 ºC 
HVOF Solid/Molten 1200-1900 ºC 

Plasma spray Molten > 3500 ºC 
 
 
Three physical states of splats are observed: 

1. Solid particles: During the thermal spray process, the temperature remains below the 

melting point of the spray coating material. Modelling of solid particle “splats” impacts 

onto substrates has been described in the literature [Tiwari 1991,Dykhuizen 1999, Van 

Steenkiste 2002, Grujicic 2003]. 

2. Slushy/broken/semi-molten: During the thermal spray process, particles are thermally 

softened or partial melting of the particle occurs. Additionally during impact further 
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localised heating can occur due to conversion of kinetic energy to heat energy from 

plastic deformation of the particle. 

3. Molten (“Disc” splats and “Splash” splats): For particles that become molten during 

the spray coating process, two types of splats can be observed: “Disc” splats and 

“Splash” splats (Figures 2-12 and 2-13). Disc splats occur when the splat solidifies after 

the splat has come to a rest and has stopped spreading. Splash splats occur when the splat 

starts to solidify before the splat has come to rest. A transition substrate temperature Tt 

has been observed where the splat shape changes from a fingered-splat pattern to the 

almost disk-shaped one at a certain narrow temperature range when the substrate 

temperature increases (Figure 2-12)[ Fukumoto 1995a, Fukumoto 1995b,  Houben 1984]. 

At higher substrate temperature, splat cooling is slower and allows better wettability due 

to the smaller splat-substrate temperature difference. Higher substrate temperatures also 

ensure that adsorbates and condensates are desorbed prior to thermal spraying. Features 

of splat formation for molten particles impacting onto substrates have been described in a 

review article by Fauchais [2004]. 

 

 
 
 

Figure 2-12: Variation of the adhesive strength of the coating with substrate temperature (Ni 
sprayed material with a size distribution 10-44 µm; stainless steel AISI304 substrate) 

[Fukumoto1995b] 
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Figure 2-13: Schematic of splat formation. (a) disk-splat Tt < Ts , (b) splash-splat Tt > Ts. 
[Reproduced from: Fukumoto1998, Huang 1998 and Fukumoto1999]. 

a) 

b) 
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Splashing orthogonal to the substrate surface 

For solid particles (temperature = Tp) with a temperature below the melting point Tm, (Tp < 

Tm) spreading requires a high impact velocity.  

For molten droplets (Tp > Tm), the viscosity µ of the liquid phase decreases rapidly when Tp 

increases according to pRT
E

e.0µµ =  where E is an activation energy and µo the viscosity at 

the melting point. Due to this effect, spreading requires much lower impact velocities and 

splashing orthogonal to the substrate (Figure 2-14) of molten droplets occurs for Sommerfeld 

parameters K higher than 70 [Fauchais 2004]. 

 

 
 

Figure 2-14: Splashing at impact of alumina droplets impacting on a hot stainless steel 
substrate preheated at 600K with (a) K=139, (b) K=229, (c) K=776, and (d) K=1346 

[reproduced from Fauchais 2004 and Escure 2003]. 
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2.4. Interfacial bonding 

Chemical bonding and mechanical interlocking are the two main bonding mechanisms 

proposed for thermal spray coatings [Grujicic 2003, Dykhuizen 1999, Van Steenkiste 1999, 

Dallaire 1982]. Good mechanical adhesion of a coating and a substrate can be achieved with 

very high pressures [Tiwari 1991, Sobolev 1997]. Surfaces are often grit blasted prior to 

thermal spraying to achieve surface roughness, however even a polished substrate surface 

will have some roughness at some scale. If the splat material is applied with sufficient 

pressure to penetrate into the cavities, good mechanical bonding is achieved. Evidence of 

chemical bonding has been found in thermal spray coatings where the feedstock material 

becomes molten or semi-molten during the coating process. For example, such bonding has 

been identified in coatings prepared using plasma-spraying [Dallaire 1982, Steffens 1991, 

Kitahara 1974], flame wire process [McPherson 1981] and in high velocity oxygen fuel 

(HVOF) spraying [Li 2003]. In cold spray deformation models, melting is not considered 

because in general the particles have not been observed to melt [Dykhuizen 1999, Van 

Steenkiste 2002, Grujicic 2003]. Interfacial melting has been observed only in a few cold 

spray coatings [Vleck 2005, Vleck 2002] where extensive plastic deformation melted a 

previously solid particle. However it remains unclear which bonding mechanisms are 

dominant when the feedstock remains un-molten during low temperature thermal coating 

process such as the HVAF and cold spray techniques [Grujicic 2003, Dykhuizen 1999, Van 

Steenkiste 1999, Dallaire 1982]. Hence, there is a gap in the available models covering the 

region of thermal spray processes where heated solid particles can become molten during the 

impact process.  

 

2.4.1. Solid Particle Coatings 

For bonding to occur in solid particle thermal spray coatings, it is has been observed that 

plastic flow and deformation occurs in both the spray material and the substrate material 

[Grujicic 2003, Dykhuizen 1999, Van Steenkiste 1999, Borchers 2003, Assadi 2003, Meyers 

1988]. In particular, the materials must be ductile or co-sprayed with a ductile material to 

allow plastic deformation to occur. Additionally, the average particle velocity should exceed 

a minimum (material-dependent) critical velocity that suggests that kinetic energy must be 

sufficient to plastically deform the solid material and/or disrupt the surface oxide film. The 

particle kinetic energy at impact is typically significantly lower than the energies required for 

the particle to melt [Grujicic 2003]. Formation of the "surface-scrubbing" jets and high 



Chapter 2. Literature Review 

 22 

contact pressures are generally considered as prerequisites for good particle/substrate 

bonding. 

 

Jets were first discovered in the very similar explosive welding process [Prummer 1987 

Meyers 1988, Raybould 1981]. However, these factors, while critical for attaining clean 

particle and substrate surfaces and an intimate contact between them, are not bonding 

structures. However the formation of the jets indicates that plastic flow is occurring at the 

interface during the coating process. In certain conditions during plastic flow it has been 

predicted [Grujicic 2003] that interfacial instability can lead to the formation of interfacial 

roll-ups and vortices leading to high strength interfacial bonding.  

 

Grujicic et al [Grujicic 2003] and Yih [Yih 1967] have demonstrated that an interfacial 

instability based on viscosity differences between the two flowing streams can grow during a 

collision event to produce significant turbulence at the interface even for vanishing Reynolds 

numbers. Grujicic et al [Grujicic 2003] proposed that bonding can occur through the 

interfacial instability-based mechanisms which can lead to nano/microlength-scale 

mechanical material mixing/interlocking mechanism at an interface.  

 

2.4.2. Molten particles 

In the case of molten particles impacting on substrate and forming a lamella or “splat”, the 

adhesion/cohesion is expected to be primarily of the mechanical type; surface pits and 

grooves of a rough surface are filled with the spreading molten material due to the impact 

pressure [Fauchais 2004]. Subsequent solidification leads to mechanical interlocking. Inter-

diffusion and possibly chemical reactions across the substrate or previously deposited layers 

may occur if the heat transfer from the impinging molten particles cause a local melting of 

the layer underlying the flattened particle.  

 

Chemical interactions between splat and substrate have been observed when the oxide layer 

at the substrate surface is melted and a complex oxide is formed, for example [Fauchais 

2004], AlxTiyOz when spraying Al2O3 on Ti. In that case, excellent adhesion (>50 MPa) is 

obtained on a smooth substrate. This chemical adhesion also occurs when the droplet 

effusivity is higher than that of the substrate (Mo droplet on iron-based substrates for 
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example), resulting in the melting of the substrate below the impacting droplet and a 

chemical reaction between the molten droplet and substrate. This melting modifies deeply the 

splat morphology and also results in a crater in the substrate. Chemical bonding was also 

observed in partially stabilized zirconia coatings strongly bonded to the 20-30 nm thick 

thermally grown oxide layer formed at the surface of a 316L stainless steel substrate 

preheated at 723 ºK (450 ºC). TEM measurements showed that the interface oxide layer was 

composed of elements coming both from the ceramic splat (Zr) and substrate (Cr,Fe) under 

the splat [Chraska 2002]. Similar results were obtained with alumina coatings [Haure 2001] 

sprayed on polished Ti-6Al-4V alloy, the adhesion of the alumina coating being 36 ± 5 MPa 

for an initial Ra ~�10 nm and 18 ± 5 MPa for an initial Ra ~�50 nm. On a polished 316L 

substrate with an oxide layer 20 nm thick, an alumina coating peeled off during spraying; 

when the substrate was covered with a 3 µm thick PECVD alumina coating (Ra ~�6 nm), the 

adhesion reached 66 ± 6 MPa. The good adhesion on polished Ti-6A1-4V is probably due to 

the melting of the TiO2 layer resulting in the formation of Al2TiO5, while no FexAlyCrzOw 

oxide can be formed with the spinel at the surface of the 316L substrate. In atmospheric 

plasma spraying [Honda 1985] the coating may peel off due to oxidation on the surface of the 

substrate if the substrate is heated. So overheating of the substrate is suppressed. On the other 

hand, in low pressure plasma spraying, plasma heating is utilised for improvement of 

bonding strength, oxidation on the substrate can be prevented by using an inert gas 

atmosphere.  

 

When the substrate is preheated, researchers have found evidence of diffusion. The effect of 

preheating a Ni-base superalloy (IN738LC) to 673-1073 ºK (400-800 ºC) on the coating 

process in the low pressure plasma spraying with CoNiCrAlY powder has been investigated 

[Honda 1985]. It was found that: 

 

1. A higher bonding strength (over 72 MPa ) of coating to substrate by low pressure 

plasma spraying is derived from the diffusion zone formed adjacent to the coating 

surface in proportion to the substrate preheating temperature. 

2. 1073 ºK (800 ºC) preheating coupled with the plasma spraying causes short time 

diffusion adjacent to the coating interface that is equivalent to the vacuum furnace 

heating at approximately 1373 ºK (1100 ºC). 
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The influence of temperature on the bonding mechanism of plasma-sprayed coatings was 

investigated by Dallaire [1982]. When a molten particle strikes a substrate surface, it interacts 

to create either a weak or a strong bond. A strong bond maybe explained by the formation of 

a metallurgical bond due to localised diffusion/alloying at the interface. Particle-substrate 

interactions begin with the particle impact. Upon impingement onto the surface, the molten 

particles lose their kinetic energy and undergo severe deformation. The pressure caused by 

the sudden deceleration forces the melted material to spread the molten droplet onto the 

surface. Heat is transferred from the splat to the substrate. If the temperature of the impinging 

particle is higher than the melting point Tm of the substrate then it is possible for some of the 

substrate to become molten. In addition, the initial temperatures of both particle and substrate 

also affect the solidification of the sprayed droplet and the molten depth achieved in the bulk 

material. 

 

Adherence is found to be good when the sprayed material melts the substrate [Alsop 1961, 

Kitahara 1974]. Good adherence has been reported when diffusion and inter-metallic bonds 

were formed for: 

• Nickel, chromium, molybdenum, tantalum and tungsten are sprayed over aluminium,  

• Tungsten over iron 

• Molybdenum over iron 

• Tantalum and tungsten over iron. 

 

In contrast, poor adherences with no diffusion or inter-metallic bonds were found for: 

• Molybdenum on chromium 

• Nickel and chromium over iron 

 

The wetting of the substrate by impinging particles and inversely the wetting of the particles 

by molten substrate are necessary conditions which can promote reaction between the 

particle and the substrate and the formation of inter-metallic compounds. Inter-metallic 

compounds which improve adhesion have been identified [Dallaire 1982, Kitahara 1974]. 

Metallurgical bonding of the boundary layer between the coating and the substrate is only 

possible when the conditions for incipient melting of the substrate are met. Liquid-liquid 
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fusion welding), liquid–solid (soldering and brazing) and solid-liquid (hot dip galvanising) 

mechanisms are used for the creation of a metallurgical bond. 

 

Even if a molten droplet melts the substrate, a metallurgical bond is not always created. For 

instance, tungsten particles melt a copper substrate without the formation of a reaction 

boundary layer because both metals are mutually insoluble. However molten particles and 

substrate can intermix to give a good mechanical bond. 

 

2.5. Effect of surface oxide layers in solid splat coatings 

The effect of the surface oxide on interfacial bonding in high velocity thermal spray coatings 

for solid splat coatings has been questioned by several researchers in the field [Van 

Steenkiste 2002, Grujicic 2003]. Researchers have observed that successful particle bonding 

occurs above certain critical velocities. It has been suggested that fracturing of surface oxide 

layers on the incident particle and on the substrate becomes a necessary part of coating 

formation [Van Steenkiste 1999]. Hence, the incident velocity must be sufficiently high for 

this to occur. Inter-diffusion or metallurgical bonding can occur once the surface oxide on the 

substrate and on the coating material has been disrupted.  

 

The most prevailing theory for cold-spray bonding postulates that, during impact, the solid 

particles undergo plastic deformation, disrupt thin (oxide) surface films and, in turn, achieve 

intimate conformal contact with the target surface. The role of the oxide has been 

investigated by several authors [e.g. Grujicic 2003, Van Steenkiste 2002] who have 

suggested that fracturing surface oxide shells is a necessary part of coating formation. This is 

supported by a number of experimental findings  

 

1. Bonding requires ductile materials: A wide range of ductile (metallic and polymeric) 

materials can be successfully cold-sprayed while non-ductile materials such as 

ceramics can be deposited only if they are co-cold-sprayed with a ductile (matrix) 

material;  
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2. Threshold particle velocity: The mean deposition particle velocity should exceed a 

minimum (material-dependent) critical velocity to achieve deposition which suggests 

that sufficient kinetic energy must be available to plastically deform the solid material 

and/or disrupt the surface film. In studies of coating thickness as a function of nozzle 

inlet gas temperature, threshold behaviour was observed [Van Steenkiste et al 1999]. 

That is the powders essentially do not stick to the substrates below a certain inlet air 

temperature range. This is consistent with several inelastic mechanisms such as 

plastic deformation and partial particle melting. Above this threshold, the deposition 

efficiency increases with inlet air temperature, consistent increasing particle 

velocities. Below are three possible mechanisms for the threshold behaviour. There is 

insufficient evidence to draw specific conclusions about which if any is the actual 

mechanism involved [Van Steenkiste et al 1999]: 

a) It is observed that substantial plastic deformation occurs during impact, which 

is an available mechanism for the particle’s kinetic energy to transfer into 

heat. The velocity of the particle would have to be sufficiently high that its 

yield stress is exceeded upon collision with the substrate.  

b) If the kinetic to thermal transition is sufficient to cause partial melting of the 

particles, and this plays a role in their adhesion, then exceeding the melting 

temperature in a localised region is a second candidate for a threshold 

mechanism. 

c) Fracturing of the oxide so that metal/metal adhesive bonding could occur. It is 

known [Zhao, 1996, Hong 1995] that metal/metal adhesive bonding can be 

substantially stronger than metal/oxide adhesive bonding. Stronger 

metal/metal bonds might be more likely to initiate the inelastic mechanisms 

such as plastic deformation and partial melting. There would presumably be a 

threshold velocity for the fracturing of the surface oxides. ; and  

3. Bonding is primarily a solid-state mechanical process: Solid particle coatings can be 

formed when ductile materials are used and when the impact velocity is high enough 

for plastic deformation (eg the formation of interfacial jets) to occur. In addition, the 

particle kinetic energy at impact is typically significantly lower than the energy 

required to melt the particle suggesting that the deposition mechanism is primarily, or 

perhaps entirely, a solid-state process.  
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Solid splat coatings from both cold spray and HVAF have many similarities. Solid NiCr 

splats thermally sprayed with HVAF showed similar morphologies to cold spray splats and 

no evidence of melting or oxidation. Hence, the findings in this section on the effect of 

surface oxides from cold spray solid splat coatings also apply to HVAF solid splat coatings.  

 

2.6. Oxidation during the thermal spray process 

In this thesis, both solid and molten NiCr splats were observed when thermally sprayed with 

both the HVAF and HVOF methods. The potential for oxidation during the thermal spray 

process will depend on the thermal spray method and the final physical state of the splat (ie 

solid or molten). 

 

Van Steenkiste et al [Van Steenkiste 1999] found that the oxygen content of cold spray 

coatings was the same as the powder 0.1-0.4% that made the coatings. Hence, the kinetic 

spray process has little or no effect on the oxygen content of the coatings. This is presumably 

because the kinetic spray powders are at substantially lower temperatures prior to impact 

with the substrate than thermal spray molten droplets. In general, the level of oxidation 

depends on whether the particle is solid or molten [Fauchais 2004, Neiser 1998, Espié 2001] 

For solid particles close to the melting temperature, oxidation is diffusion-controlled and 

occurs in a shell at the particle periphery. This type of oxidation is generally limited to a few 

oxide weight percent.  

 

For fully molten particles, oxidation can occur by convection within the liquid droplet 

producing much higher levels of oxide concentrations. The interaction of hot particles with 

the surrounding environment (which usually contains oxygen) leads to oxidation, resulting in 

the formation of oxide films (oxide stringers). Because oxidation is kinetically driven, the 

effect of oxidation depends on the particle temperature, velocity and the composition of the 

environment. The particle temperature will depend on the gas jet temperature, heat capacity 

and the dwell time of the particles in the jet.  Sometimes the presence of oxide inclusions in 

metal coatings is desired in applications where it increases the apparent hardness of the 

coating (oxides have hardness’s exceeding 1000 DPH). However, high oxide contents in the 

coatings, lead to brittle coatings since the oxide fractures easily. Brandl et al [Brandl 1997] 

studied the oxidation behaviour of HVOF and VPS coatings. The oxidation behaviour was 



Chapter 2. Literature Review 

 28 

found to be very different. The oxidation rate of the HVOF sprayed coating was considerably 

lower than that of the VPS coating. This observation is explained by the presence of finely 

divided �-Al2O3 particles in the HVOF sprayed coating, which are formed during the 

spraying. The Al2O3 probably hinders the grain boundary diffusion of the elements. As a 

consequence, the oxide scale growth is very low. 

 

2.7. Summary of literature review and identification of the gaps 

in knowledge 

In this chapter, an overview of the applications and methods of thermal spraying with 

emphasis on high velocity coating techniques was presented. This was followed by a brief 

review of the coating structure and interfacial bonding processes. In the literature, it was 

found that chemical bonding and mechanical interlocking are the two main bonding 

mechanisms proposed for thermal spray coatings. Evidence of chemical bonding has been 

found in thermal spray coatings where the feedstock material becomes molten or semi-

molten during the coating process. However it remains unclear which bonding mechanisms 

are dominant when the feedstock remains un-molten during low temperature thermal coating 

process such as the HVAF and cold spray techniques. This is a key question that is addressed 

in this thesis: “How do solid splats bond to substrates?”  

 

Another subject of study that this thesis addresses is a gap in the available thermal spray 

models where heated solid particles can become molten during the impact process. The 

impact process can introduce additional heating that can melt a particle that was solid prior to 

impact. This effect is not described in the literature or accounted for in thermal spay models.  

 

Researchers have observed that successful particle bonding occurs above certain critical 

velocities. It has been suggested in the literature that fracturing of surface oxide layers on the 

incident particle and on the substrate becomes a necessary part of coating formation. 

However, the effect of the oxide has been inferred indirectly and no direct evidence of this 

was found in the literature. In this thesis, direct evidence for the effect of the substrate 

surface oxide is obtained. 
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Chapter 3.  Experimental Methodologies:     

Sample Preparation and Surface Analysis 

This chapter describes the experimental methodologies used in this thesis. In particular, a 

description is provided of the sample preparation methods, sample investigation methods and 

characterisation of the surface properties of the NiCr powder material and coatings. 

 

3.1. Introduction 

To investigate splat morphologies and splat-substrate interfaces, a range of experimental 

techniques were called upon. A description of the experimental methods used in this thesis is 

presented. In particular, an important technique for investigating the interface of the thermal 

spray coatings has proved to be the combination of FIB/SEM/TEM which has provided some 

key findings for this thesis. In addition, a range of techniques (eg IBA, SEM, XPS) were used 

to characterise the surface composition of the substrate materials, powder material and coated 

samples. The surface composition of the NiCr powder material was characterised and 

compared with a HVAF sprayed NiCr coating to see if the surface oxide composition was 

altered during the high velocity thermal spraying process which would also affect the 

bonding interfaces.  
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3.2. Thermal spray experiments  

The overall objective of this thesis was to study how individual splats bond to the substrate 

and examine parameters that affect the splat-substrate interaction. To achieve this aim, NiCr 

powder was thermally sprayed using both the HVAF and HVOF methods onto a variety of 

substrate materials. The specific range of experiments undertaken in this thesis to achieve 

this aim is summarised in Table 3-1. 

 

Table 3-1. Summary of thermal spray experiments in this thesis. 
 

Experiment Aim Technique Substrates 

 

Effect of substrate 
(Chapter 4): 

To study the effect substrate hardness 
on splat morphology 

HVAF Al, Cu, Fe, Ti, Ta, C, Si, 
TiN 

Effect of solid 
splats (Chapter 5) 

To study the interfacial bonding 
mechanisms between solid splats and 

substrates 

HVAF Al, Cu, Fe 

Effect of oxide 
(Chapter 6) 

To study the role of interfacial oxides. HVAF Hydrothermal oxide and 
electrochemical oxide 

layers grown on aluminium 
substrates 

Effect of heating 
(Appendix 7) 

To study the effect additional heating. 
Additional heating was provided via the 

hotter HVOF technique  

and via substrate heating using HVAF 

HVOF                                                                                           

 
HVAF 

Al, Stainless Steel 

 

Al Room Temp,             
300 ºC and 500 ºC 

 
 

NiCr was selected as the thermal spray powder for the experiments in this thesis due to its 

wide spread use in industry for high strength corrosion resisitant coatings or as a bond coat 

layer between a substrate and another material. The high melting point of NiCr (TM = 1400 

ºC) can allow the preparation of solid splat coatings with HVAF. NiCr (Ni80/Cr20) is one of 

a family of alloys (with Cr containing more than 15 at.%) known as a super alloy developed 

principally for their corrosion resistant applications. NiCr was also a suitable material for 

cross-section investigation in FIB/TEM. NiCr is also different element composition to the 

substrate materials used in this thesis which is useful for investigating interfacial interactions 

such as diffusion. 
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3.3. HVAF thermal spray  

Commercial NiCr alloy powder (Ni80/Cr20, 5-45 micron) supplied from Sulzer Metco was 

thermally sprayed onto several substrate materials described below using a High Velocity Air 

Fuel (HVAF) thermal spraying technique at Holsters Engineering in Tokoroa New Zealand. 

A Browning Aerospray (150 model) gun was operated with a chamber pressure of 324 kPa 

(47 psi) and gun-substrate spray distance was 15 cm. Increasing the gun-substrate spray 

distance will decrease the particle impact velocities on the substrate which reduce splat 

deposition efficiencies. Decreasing the gun-substrate distance will increase the effect of the 

gas jet heating the substrate and coating. The spray distance is operationally determined and 

is a compromise between these two effects. Individual splat samples were achieved by 

passing the HVAF gun across the substrate at speeds of 2.5-25 cm sec-1. By using a range of 

pass speeds (2.5-25 cm sec-1) and number of passes (1-20 passes), a variety of splat densities 

where achieved from separated individual splats to coatings almost 0.5 mm thick. 

 

Table 3-2: Summary of HVAF thermal spray conditions 
 

Powder Ni80Cr20 powder, Metco, 43VF-NS, www.sulzermetco.com 

Particle Size:  -45 +5 µm, -325 mesh +5 µm, water atomized 

Powder feedrate 50 rpm (runs 1 and 2), 300 rpm (runs3 and 4) 

Chamber pressure 324 kPa (47psi) 

Spray distance 150 mm 
 
 
 

3.4. HVOF thermal spray  

The HVOF samples were prepared in a similar procedure as the HVAF samples described 

above. Commercial NiCr alloy powder (Ni80/Cr20, 5-45 micron) was thermally sprayed onto 

substrates using a High Velocity Oxy Fuel (HVOF) thermal spraying technique.  A TAFA 

(TJ4000) gun was operated with a chamber pressure of 2040 kPa (20.4 bar) and gun-

substrate spray distance was 15-20 cm. The HVOF thermal spray process is hotter than the 

HVAF thermal spray process resulting in larger gun-substrate spray distances. Individual 

splat samples were achieved by passing the HVOF gun across the substrate at speeds of 2-20 

cm sec-1.  
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3.5. Substrate materials 

In Chapter 4: “Effect of substrate”, results are presented of studying NiCr splat morphologies 

HVAF thermally sprayed onto the seven polished substrate materials listed in Table 3-3. In 

Chapter 5: “Interfacial bonding of solid NiCr splats”, the interfacial bonding mechanisms 

were studied between solid NiCr splats and the three metal substrates described in Table 3-4. 

In Appendix 7: “Effect of particle/substrate heating”, the effect additional heating is studied. 

Additional heating was provided via the hotter HVOF technique and via substrate heating. 

Details of the heated substrates studied are given in Table 3-5. 

 

Table 3-3: Substrates studied in “Effect of substrate” 
 

 
Substrate 

 

Supplier Product Thickness Purity 

1 Al Alcan NZ Alcan NZ 1200, (BS 1470:1200) 1.2 mm 99.5% 

2 Cu Mico Metal HC (high conductivity) 3.0 mm 99.9% 

3 Fe Fletcher Steel Mild steel, (AS1595 NZCC-SD)  2.0 mm 99.7% 

4 Ti Goodfellow Ti foil, (TI000410) 0.25 mm 99.6% 

5 Ta Goodfellow Ta foil, (TA000490) 1.0 mm 99.9% 

6 C Goodfellow Glassy carbon, (VC000500) 1.0 mm 100% 

7 Si MMRC polished Si wafer, [1,0,0] 0.5 mm 100% 
 
 

Table 3-4: Substrates studied in “Interfacial bonding  of solid NiCr splats” 
 

 
Substrate Supplier Product 

 

Thickness Purity 

1 Al Alcan NZ Alcan NZ 1200, (BS 1470:1200) 1.2 mm 99.5% 

2 Cu Mico Metal HC (high conductivity) 3.0 mm 99.9% 

3 Fe Fletcher Steel Mild steel, (AS1595 NZCC-SD)  2.0 mm 99.7% 
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Table 3-5: Substrates studied in “Effect of particle/substrate heating” 
 

 Substrate Supplier Product 

 

Method Temperature 

1 Al Alcan NZ Alcan NZ 1200, (BS 1470:1200) HVAF Room Temp 

2 Al Alcan NZ Alcan NZ 1200, (BS 1470:1200) HVAF 300 ºC 

3 Al Alcan NZ Alcan NZ 1200, (BS 1470:1200) HVAF 500 ºC 

4 Al Alcan NZ Alcan NZ 1200, (BS 1470:1200) HVOF Room temp 

5 S Steel Stainless Alloys Stainless steel 316 HVOF Room temp 
 

In Chapter 6: “Influence of oxide layers on splat splat bonding”, the role of interfacial oxides 

during thermal spraying particle impacts, were studied on two oxidised samples. 

Hydrothermal and electrochemical oxide pre-treatments were used for growing the two thick 

(0.5-1.0 micron) oxides on polished aluminium substrates as described in Table 3-6. The 

electrochemical method gives a porous oxide, the other a sealed oxide. The methods of 

preparation of are as follows: 

1. Hydrothermal [S. Lopez et al., 1998]  

a) Degrease Al: 15 second immersion in 1M NaOH at room temperature, 

followed by rinsing in deionised water, then, 

b) Boil in deionised water for 4 hours. 

2. Electrochemical [ S. Wernick et al, 1987] 

a) Degrease Al: 15 second immersion in 1M NaOH at room temperature, 

followed by rinsing in deionised water, then, 

b) Electrolyse for 25 minutes at 20V DC in 40 g/l H3PO4, at room temperature 

 
Table 3-6: Substrates in “Influence of oxide layers on splat bonding” 

 

 
Substrate Oxide thickness Oxide composition 

 

1 Al hydrothermal (boiled) 845±67 nm AlOOH 

2 Al electrochem + 630±59 nm Al2O3 
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3.6. Methodologies 

During the course of this thesis, a number of techniques have been used to investigate 

thermal spray coatings. In this chapter, a description of the experimental techniques used in 

this thesis is presented. 

3.6.1. Focussed Ion Beam (FIB) 

A focused ion beam (FIB) microscope has been found to be an ideal tool for investigating the 

morphology of the splats and the splat-substrate interfaces. The FEI xP200 (FEI, Portland, 

OR) FIB miller [Rowlands 1998, Cairney 2000] uses a focused beam of 30 keV gallium ions 

which is scanned over the surface of a specimen. The gallium beam at low currents (10 - 70 

pA) can be used to produce images with resolution < 100 nm of the sample via secondary 

electrons emitted during interactions of the ions with the specimen. Alternatively at high 

currents (1000 - 7000 pA), the beam can be used to rapidly sputter away the specimen to 

expose a cross-sectioned surface without the distortion or alteration found in other sectioning 

techniques. A further capability of the FIB is the ability to produce very thin (~100 nm) 

sections at almost any desired location in a sample, suitable for examination by transmission 

electron microscopy (TEM) as well as the ability to section splats for investigating splat-

substrate interfaces.  

 

The principles of operation of the FIB and the SEM are conceptually identical. At the top of 

the electro-optical columns there is a source of charged particles: ions for the FIB and 

electrons for the SEM. As shown if Figure 3-1, a series of electrodes, electron lenses and 

mechanical beam current limiting apertures extract the charged particles and focus them into 

a beam with the desired characteristics: either a "large" beam of high current or a "small" 

beam of low current. The position of the beam over the sample is controlled by the deflection 

plates which provide the scanning feature of both instruments. Finally, the amplitude of a 

secondary signal, generated by the beam-sample interaction, is displayed synchronously with 

the beam position to form an image of the scanned area.  
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Figure 3-1: Schematic and diagram of a FIB column [Source:  http://www.s3.infm.it/fib.html 

and http://www.iisb.fraunhofer.de/en/arb_geb/technology_an_fib.htm] 
 
 

 
The special characteristics and capabilities of FIB mainly come from the ion source (Figure 

3-2): the Liquid Metal Ion Source (LMIS), a field-emission point-source. The key feature of 

LMIS is the high brightness (b= I/(W×S), emission current density per unit solid angle), 

which allows it to be focussed into a small beam (few nm) a sufficient amount of current 

(hundreds of pA) for ion-solid interactions to be effective. The source is composed of a 

reservoir, containing the liquid material usually gallium, which is in contact with a W needle. 

The liquid flows on the outer surface and reaches the needle tip which faces the extraction 

electrode. The high voltage (5 - 50 kV) at the extractor and the small end-radius of the tip 

generate the high electric field necessary for the field ion emission. Due to the balance 

between electrostatic and surface tension forces the liquid assumes a cone shape called the 

"Taylor cone"; the ion emission occurs at the cone tip.  

 

The source material must have high surface tension and low vapour pressure at the melting 

point. Gallium has proven to be an ideal candidate because it is liquid at room temperature 

and durable sources can be produced. 
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`  
 

Figure 3-2: Picture and diagram of a gallium Liquid Metal Ion Source (LMIS) with an 
inserted picture of the "Taylor cone" on the tip of the needle. [Source:  

http://www.s3.infm.it/fib.html and 
http://www.iisb.fraunhofer.de/en/arb_geb/technology_an_fib.htm] 

 
 

IMAGING using 30 kV Ga+ beam  

The FIB can be used as a scanning ion microscope, capable of high resolution imaging to 

about 5 nm, similar in performance to a conventional thermionic emission SEM [Rowlands 

1998, Cairney 2001]. By biasing the detector to detect positive or negative particles two 

modes of imaging are available. The only positive particles emitted from the surface are ions, 

so detection of positive particles gives secondary ion imaging. Negative particles emitted 

include both electrons and negative ions, but electron yield is generally far greater than 

negative ion yield so detection of negative particles is, essentially, secondary electron 

imaging.   

“Taylor cone” 
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Figure 3-3: Ion Beam / sample interactions. 

 
 

Electron emission is a result of the transfer of ion kinetic energy to electrons in the sample 

surface, by either direct inelastic collision or collisions with recoil atoms generated in the 

collision cascade. The quantity of electrons emitted depends on a number of factors including 

ion incident angle, target composition and structure. This means that various contrast 

mechanisms such as topographic, material and crystallographic (or channelling) contrast can 

be achieved using secondary electron imaging [Olsen 1992]. Secondary electron yield is also 

sensitive to surface oxidation state, with metals producing the lowest yields, oxidised metals 

intermediate yields, and insulators the highest yields [Olsen 1992].  

 

Secondary ions must be both sputtered and ionised. Sputtering (i.e. atom emission), like 

electron emission, depends on transfer of kinetic energy from the incident ion. Like electron 

yield, ion yield is dependent on ion incident angle, specimen composition and structure so 

topographic, material and channelling contrast can also be achieved in ion images, though the 

relative contribution of each contrast mechanism is different. The ion yield is much lower 

than electron yield. For this reason electron images are often clearer than ion images. Longer 

scan times or larger beam currents are sometimes required for high quality ion images.  
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Contrast Mechanisms  

1. Topographic Contrast  

Topographic contrast occurs because secondary electron yield varies with incident angle and 

irregularities at the surface. The highest particle yields occur for surfaces perpendicular to the 

ion beam compared to no yield from surfaces parallel to the beam direction. Scanning ion 

imaging in both electron and ion modes is extremely sensitive to fine detail surface 

topography as the penetration depth of the Ga+ beam is shallow (10 – 20 nm) and the escape 

depths (1 - 50 nm for secondary electrons and <1 nm for secondary ions) are small in 

comparison to scanning electron microscopy in which the penetration depth of the electron 

beam is in the order of 3 �m at 20 keV.  

 

2. Material (Compositional) Contrast  

Secondary ion and electron yield is sensitive to variations in atomic number and surface 

chemistry resulting in compositional contrast. Variations in ion yield are much greater than 

electron yield and are much more sensitive to changes in surface chemistry and oxidation 

state. Electron yields vary by slightly more than an order of magnitude, whereas ion yields 

from different targets with the same ion beam can vary by five or more orders of magnitude. 

Ion images therefore provide greater material contrast and can sometimes provide 

information unavailable in secondary electron images. For example, in Figure 3-4a-b, a 

number of chemically distinct layers are observed in the ion image of samples that are not 

observed in the electron image of sample. 

 

3. Crystallographic (Channelling) Contrast  

Secondary particle yield can also depend on the crystallographic orientation of the structure 

with respect to the beam. When the beam is nearly parallel to a low index crystallographic 

direction the ions can travel a considerable distance into the sample before stopping, making 

particle escape more difficult. This effect is called channelling. Striking contrast between 

grains in polycrystalline samples can be achieved (see Figure 3-5). Tilting or rotating the 

specimen changes orientation of crystal structure, varying contrast between the grains.  
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4. Voltage contrast 

Artefacts due to charging in secondary electron images can be useful in circuit diagnostics 

for determining whether a metal line is floating (an isolated conductor) or grounded [Rossie 

2000]. Non-conducting materials and floating conductors appear dark, as electron emission is 

restricted by positive charging, and conducting materials appear bright [Shaver 1986]  

 

   
 
Figure 3-4a: Increased material contrast in the ion image reveals compositional information 

unavailable using electron imaging. [NiCr HVAF thermally sprayed onto oxidised 
aluminium]. 

 
 

   
 
Figure 3-4b: Increased material contrast in the ion image reveals compositional information 

unavailable using electron imaging [source: www.micron.com]. 
 
 
 

Electron image Ion image 

Electron image Ion image 
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Whole image        Close-up image 

  

  

  
 
Figure 3-5: FIB Channelling observed in NiCr HVAF spray coatings. FIB images were taken 

at three different tilt angles (20º, 29.2º and 45º). The original images are on the left and 
altered images (cropped and stretched) that cover the same area are on the right. It can be 

seen (eg at points 1, 2 and3) that the same crystal yield different amounts of secondary 
electrons at different angles. The observed contrast can only be from channelling as the 
particles consist of only one phase of Ni80Cr20 alloy. From the phase diagram of Ni-Cr 
alloys, only one phase of NiCr is possible in with a composition of 80% Ni and 20% Cr. 
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Key instrument capabilities 

Cross-section milling 

At high beam currents (ie >~1 nA), the gallium beam rapidly sputters away the specimen 

surface that allows subsurface cross-sections to be prepared. This technique involves 

preparing a debris free sidewall at the exact area that needs to be viewed and at the same time 

removing enough material behind the sidewall to allow sufficient signal to be generated for 

imaging purposes. Cross-sectional mills are usually performed in two or more steps, with the 

first mill being a rough mill to expose the area of interest (typically using a current of 1-7 

nA), and a second polishing step to clean debris from the surface so that it may be clearly 

observed (typically using a current of 0.3-1 nA). The beam current was varied by using 

different sized apertures. After polishing, the cross-section is normally tilted to an angle such 

as 45º for observation with the ion beam (or electron beam in the case of a dual beam FIB). 

For viewing with an ion beam, small diameter apertures are used to limit the current to less 

than 100 pA to minimise ion beam damage. 

 

 
 

Figure 3-6: FIB milled cross-section image with an ion beam. 
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TEM specimen prep 

The FIB may also be used to prepare thin electron transparent (<100 nm) material sections 

for investigation in the TEM (Transmission Electron Microscope). Examples include 

traditionally challenging materials where FIB has been utilised such as magnetic thin films, 

semiconductors, photonics, advanced alloys, internally oxidised steels and powders. The 

methodology of preparing TEM samples using a FIB is described in Appendix 2. 

 

Dual-BeamTM FIB 

In recent years Dual-BeamTM FIB’s have increased in popularity. These instruments combine 

an ion column with, usually, a field emission electron column. The instrument is constructed 

so that the ion column is at an angle of 52° to the electron column. For common FIB milling 

operations, the specimen is tilted so that its surface is normal to the ion column. Sections are 

milled into the specimen surface with the ion column and then imaged with the electron 

column without the need for reorientation. This approach offers a number of advantages over 

the conventional single beam FIB. Firstly, the electron column can offer improved image 

resolution over the ion column. Secondly, the electron column may image the milled cross-

section without inducing damage or sputtering in the area of interest. And thirdly, signals 

induced by the electron column, such as X-rays or backscattered electrons may be used, 

respectively, to generate chemical or crystallographic data. 

 

2D and 3D microscopy 

The FIB may be used as a high resolution scanning microscope for the investigation of 

material surfaces and sub-surfaces. An important application, however, is its ability to 

produce data sets for 3-dimensional microscopy. Such datasets are produced using both the 

electron and ion beams to perform serial slicing and imaging of material cross-sections. This 

allows tomographic reconstruction of the dataset yielding 3D representations of the structural 

feature of interest. 3D visualisation of material structural features often allows an enhanced 

understanding of the physical processes which led to their creation by revealing 

morphologies that may not necessarily have been apparent when only referring to the 2-

dimensional images. This technique can be applied to structural features in the size range 

~100 nm to 50 um. 
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Microanalytical investigation 

The high resolution electron column on the dual-beam has been coupled with EDS (X-ray) 

and EBSD detectors. The former is used to acquire X-ray emission spectra for materials 

enabling elemental compositional and quantitative analysis. The latter detector is used to 

examine the crystal structure of materials, analysing crystallographic orientation and phase 

type.  

 

3.6.2. Transmission Electron Microscopy (TEM) 

In the scanning electron microscope (SEM) a beam with an accelerating voltage typically 

around 5-20 keV is scanned over surface of the material, and the resulting data provides 

topographical and chemical information. In a transmission electron microscope (TEM), the 

electron beam with a much higher accelerating voltage e.g. 100-300 keV, passes through 

cross-sectionally prepared thin specimens and provides information concerning the internal 

atomic structure of the material and may also provide elemental and chemical information.  

The Philips CM200 field emission gun transmission electron microscope allows high 

resolution images to be obtained from thin, electron transparent sections of materials. The 

TEM allows not only structural information to be obtained, but also crystallographic studies 

of materials are routinely possible. This microscope has an EDAX energy dispersive x-ray 

spectroscopy system interfaced to it, which can allow chemical analysis from regions as 

small as a few nm in diameter to be obtained. In addition, it has a SIS CCD camera for 

recording of digital images. 

A TEM operates by accelerating a beam of electrons through the specimen. Whatever part of 

the beam is transmitted is projected onto a phosphor screen for the user to see. A schematic 

of a TEM is shown in Figure 3-7. The "Virtual Source" at the top is an electron gun 

producing a stream of monochromatic electrons. This stream is focused to a small, thin, 

coherent beam by the use of condenser lenses 1 and 2. The first lens largely determines the 

"spot size"; the general size range of the final spot that strikes the sample, however it is the 

second lens ("intensity or brightness knob") that changes the size of the spot on the sample 

from a wide dispersed spot to a pinpoint beam. The beam is restricted by the condenser 

aperture, collimating out high angle electrons (those far from the optic axis, the dotted line 

down the center). As the beam interacts with the specimen, parts of it are transmitted and 

parts of it react in various ways as shown below in Figure 3-8. 
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Figure 3-7 Schematic of a TEM [www.unl.edu/CMRAcfem/temoptic.htm] 
 
 

 
 

Figure 3-8: Schematic of beam interactions in a TEM 
[www.unl.edu/CMRAcfem/interact.htm] 

 
 
The transmitted portion is focused by the objective lens into an image. The objective aperture 

enhances contrast by blocking out high-angle diffracted electrons, the Selected Area aperture 
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enabling the user to examine the periodic diffraction of electrons by ordered arrangements of 

atoms in the sample. The image is passed down the column through the intermediate and 

projector lenses, being enlarged all the way until the image strikes the phosphor image screen 

and light is generated, allowing the user to see the image. The darker areas of the image 

represent those areas of the sample that fewer electrons were transmitted through (they are 

thicker or denser). The lighter areas of the image represent those areas of the sample that 

more electrons were transmitted through (they are thinner or less dense). 

 

Low angle elastic scattering  

Low angle elastic scattering forms the basis of transmission electron microscopy. In the TEM 

some electrons pass through the sample interacting with the material, these interact elastically 

with the sample. Elastic scattering from crystalline samples gives rise to coherent diffracted 

rays in specific directions, defined by Bragg’s Law, which is usually expressed as:  

n�=2dsin� 

where:  n is an integer, � is the electron wavelength, d is the interplanar spacing of the planes 

causing diffraction and � is the angle the electrons make with the planes. 

 

 
 

Figure 3-9: Bragg scattering and scattering geometry [Reed 1975]. 
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For TEM at 100 kV, � = 3.7 pm, therefore ~0.5 deg. for low order planes. These low angle 

elastically scattered electrons are used to form TEM images and diffraction patterns. 

Spatial resolution 

The spatial resolution of the measurement is the ability of the TEM to resolve a feature. 

Quantitatively this can be defined by the full-width-half-maximum (FWHM) of a line scan 

across a sharp feature such as the edge of the sample or interface. The resolution of a line 

scan is limited by three factors: 

1. The beam spot size of 1.4 nm 

2. Lateral straggling of the electron beam across the 50-100 nm thick TEM sample is 

approximately 1 - 2 nm. 

3. Alignment of the interface with the beam direction. An angle of 1 degree between the 

interface and the beam direction results in 1-2 nm of overlapping splat and substrate 

material for 50 – 100 nm thick samples. 

Thus, the total resolution is the sum of all these contributions. 

Total resolution = beam spot size + lateral straggling + interface alignment. 

Hence the total resolution of the TEM line scan is at best 3-4 ± 2 nm. 

 

3.6.3. Scanning Electron Microscopy (SEM) 

Scanning electron microscopes (SEM) were used extensively in this thesis for investigating 

thermal spray coatings. In particular SEMs were ideal for viewing individual splat 

morphologies and splat-substrate cross-sections. In the SEM a very fine 'probe' of electrons 

with energies up to 20 keV is focused at the surface of the specimen in the microscope and 

scanned across it in a 'raster' or pattern of parallel lines. The magnification produced by 

scanning microscope is the ratio between the dimensions of the final image display and the 

field scanned on the specimen. Usually the magnification range of a SEM is between 10 to 

200,000 X and the resolution (resolving power) is between 4 to 10 nm (40 - 100 Angstroms). 

 

A number of phenomena (as shown in Figure 3-10) occur as the incident electron beam 

penetrates the surface of the material. The depth of penetration depends upon the energy of 

the electrons. In Transmission electron microscopy (TEM) electrons typically penetrate and 
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are transmitted through foil thicknesses of up to 300 nm. For a SEM scanning a nickel 

(Z=28) specimen, 20 kV electrons typically penetrate up to 5 microns in depth (as shown in 

Figure 3-11). 

 

 
 
 

Figure 3-10: Schematic representation of the electron beam interactions with solid matter. 
[http://plaza.snu.ac.kr/~lee2602/atlas/cath_intro.html] 

 
 
 
 

 
 

Figure 3-11: Illustration showing the interaction volume for 20 kV electrons in a nickel 
(Z=28) specimen.[ http://www.unl.edu/CMRAcfem/volume.htm] 

 

Each of the interactions illustrated in Figure 3-10 can be used to gather information about the 

specimen. In a SEM the two most important phenomena in electron image formation are 

secondary emission and backscattering. An illustrative plot of the energy spectrum for 

secondary and backscattered electrons is shown in Figure 3-12. 
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Figure 3-12: Energy spectrum of emitted electrons (Reed 1975). 
 
 
Backscattered electrons  

Backscattered electrons provide both compositional and topographic information in the SEM. 

An incident electron (in the SEM) with energy of, for example, 20 keV strikes the surface of 

the sample. The electrons penetrate the surface, the depth of penetration being dependent 

upon atomic weight (i.e. the density of packing of the atoms). The electrons travel randomly 

through the solid after entering the surface, making collisions with atoms in the specimen. 

Some lose so much energy in inelastic collisions they are absorbed by the sample, others, 

which have lost little energy through elastic collisions, pass back out of the surface to 

become backscattered electrons. Back-scattered electrons typically have energies of 50-80% 

of the incident electron energy.  

 

The back-scattered yield, defined as the percentage of incident electrons which are re-emitted 

by the sample, is dependent upon the atomic number of the sample. The fraction of incident 

electrons backscattered is strongly dependent on atomic number, and increases from under 10 

% for carbon (Z = 6) to over 50 % for uranium (Z = 92). Thus, the change in back-scattered 

yield with atomic number, provides atomic number contrast in the electron microscope. i.e. 

heavier phases give brighter contrast than lighter phases. The back-scattered electron yield 

also varies with topology, i.e. the angle of incidence between the electron beam and the 

specimen. The yield increases as the angle between the incident electron beam and the 

normal to the specimen surface goes toward 90º. This allows topographic contrast to be 
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produced.  An image with less noise and higher resolution (about 0.1 pm) than an X-ray 

scanning picture can be obtained, though absolute element discrimination is lacking. 

 

The backscattered electron image shows surface topography, because the angle of the surface 

affects the fraction of the electrons backscattered; also the detector ‘sees’ only electrons 

travelling in one direction, and this causes shadowing effects. Scanning electron microscope 

specimens are usually three-dimensional, and compositional contrast is swamped by 

topography. With such specimens backscattered electron images suffer from loss of detail in 

the shadows. It is therefore preferable to use a detector sensitive to low energy secondary 

electrons, which can be attracted to the detector from all directions by a positive potential. 

Higher resolution (~10 nm) is possible in a secondary electron image because the secondaries 

are emitted primarily from the point of impact of the incident electrons, whereas 

backscattered electrons originate from a finite depth where the beam has spread out 

significantly.  

Secondary electrons  

Secondary electron is a generic term for any electron ejected by the atom which is subject to 

a primary beam of radiation. In electron microscopy secondary electrons are low energy (~50 

eV) electrons, usually weakly bound to atoms which are ejected from the sample. As they 

have low energy, they can only arise from the surface of the material if they are close to it 

and the point of impact of the beam. So secondary electrons accurately mark the position of 

the beam and give topographic information with good resolution. They are used principally 

for topographic contrast in the SEM. As they have low energy, they can be attracted to the 

detector from the side of the specimen facing away from the detector, so they show a 

(shadowed) image of this side.  

Secondary electrons are produced from two main reactions  

1. As the incident beam enters the surface  

2. As the back-scattered beam exits from the surface.  

Secondary electrons are about ten times more likely to come from backscattered electrons 

than the incident beam. Thus, it might be expected that there would be a higher secondary 

electron yield where the backscattered electron yield is high. It is not unreasonable therefore 

to expect secondary electron and back-scattered electron images to be similar in high sample 

with high atomic numbers. 
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3.6.4. Ion Beam Analysis (IBA) 

Ion Beam Analysis (IBA) was used in this thesis to characterise the NiCr spray coating 

powder and the substrate materials. In particular it was useful for identifying the composition 

of the substrates and surface oxides as well as determining the thickness of the surface 

oxides. IBA employs a variety of possible ion beam techniques to determine elemental 

composition and variations in a variety of materials [Tesmer 1995, Pereira 2001, Stoqurt 

2002]. IBA usually uses light ions such as 1H+ or 4He+ that are accelerated with energies of 

100 keV – 10 MeV. With this range of energies, the analysis depth of IBA can range from a 

few nm to over 100 �m. The ion beam can interact with the electrons or nuclei, either 

elastically or non-elastically, emitting photons or particles (Figure 3-13).  

 
 

Figure 3-13: Schematic illustration of elastic and inelastic collisions at different velocities 
and distances of closest approach. [Bird 1989] 

 

Each of these interactions is given a specific name. The commonly used ion beam 

interactions are listed in Table 3-7. The analysis techniques have in common that they are 

non-destructive, highly sensitive, all elements of the periodic table can be studied, only a 

small amount of material is required and, in some cases, depth profiles can be measured. 

When the beam of particles penetrates into a sample, a variety of interactions and reaction 

products can occur. The interactions can either be elastic (RBS, ERD) or inelastic (PIXE, 
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NRA, rNRA). Of the inelastic interactions, a photon can be released (X-rays for PIXE) or a 

nuclear reaction can occur (NRA) where the nuclei are different before and after the reaction.  

Table 3-7: Ion Beam Analysis (IBA) techniques used in this thesis. 
 

Interaction Abbreviation Description 

 

Particle Induced X-ray 
Emission 

PIXE Electrons are in-elastically scattered by the particle beam and 
elemental specific X-rays are emitted during the de-excitation 

process. 

Nuclear Reaction 
Analysis 

NRA Nuclear reactions occur between the target nuclei and the 
particles in the beam which result in the emission of discrete 

ions that have characteristic energies for each element. 

Resonant Nuclear 
Reaction Analysis 

rNRA Some nuclear reactions occur at specific energies with 
narrow energy windows called resonances. The reaction can 
be made to occur at specific depths within the sample which 

is useful for depth profiling elements. 

Rutherford 
Backscattering 
Spectrometry 

RBS Elastic scattering of the particle beam from the target nuclei. 

Elastic Recoil 
Detection 

ERD Elastic recoil of light elements (eg H) from the target in a 
forward direction occurs at much higher energy than the 

other heavier elements in the target. The heavier elements are 
stopped using a filter. 

 
In general the ion beam interactions occur at the surface of the sample. This is because the 

ion beam looses energy and will have a certain range as it penetrates a sample depending on 

what is called the materials stopping power. In addition, the reaction products will also lose 

energy as they travel back out of the material as shown in Figure 3-14. The energy loss of the 

ion beam and reaction products depends on the depth within the sample that the interaction 

occurs. From these interactions it is possible to identify elements present in a target and to 

determine elemental concentrations.  

 

Ion beam  

detector 

Target 
Eo 
Eo-x 
Eo-2x 

 
Figure 3-14: The ion beam looses energy as it penetrates a sample depending on the 

material’s stopping power. In addition, the reaction products will also lose energy as they 
travel back out of the material.  
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Particle Induced X-ray Emission (PIXE).  

Particle induced X-ray emission commonly known as PIXE, is used to analyse for elements 

using X-rays. This is achieved by exposing a sample to a beam of particles. For PIXE we 

generally use a proton beam accelerated with typically 2.5 million volts from a van-de-Graaff 

accelerator. When protons in the beam interact with atoms in the sample, atomic electrons are 

ejected from orbitals and X-rays are emitted as other electrons fill the vacancies. The X-ray 

energy spectrum consists of a continuous background together with the characteristic X-ray 

peaks from atoms present in the specimen. While all elements heavier than boron emit K X-

rays, elements heavier than strontium are detected via their lower energy L X-rays because 

the production of L X-rays becomes more significant than K X-rays for elements heavier 

than strontium. Maximum ionisation cross-section occurs when the incident ion and the 

target shell electron have the same velocity. A list of principle X-ray energies for the first 38 

elements are listed in Appendix 4, Table A4-1. The X-ray detector is usually fitted with a 

beryllium filter to stop elastically back-scattered particles from entering and damaging the X-

ray detector crystal. An additional effect of this protective filter is that it stops low energy X-

rays originating from lighter elements (hydrogen-neon). Elements lighter than Mg are usually 

detected by other techniques because their low energy X-rays are strongly absorbed in the 

sample, making it difficult for accurate quantification.   

 

The X-rays are detected by means of a Si(Li) detector (160 eV resolution) where the pulses 

from the detector are amplified and recorded in a pulse height analyser. Because the PIXE 

spectrum is quite complicated with many peaks, some of them overlapping, the spectrum is 

analysed with quantitative X-ray analysis software to perform the deconvolution. Standards 

are used to calibrate the system and then the number of pulses in each peak for a given 

element is used to calculate the concentration of that element. An important aspect of the 

analysis is to determine the approximate major elemental composition of the sample as this 

affects the range of the particle beam into the sample as well as the attenuation of the X-rays 

thus affecting the determination of the elemental composition. The major elements of the 

sample are used to make an accurate estimation of both the major and the minor elemental 

composition that correctly allows for the effects of the sample matrix on the beam and the X-

rays. 
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As shown in Figure 3-15, PIXE has much better sensitivity than electron X-ray analysis for 

two main reasons: 

1. PIXE has a much lower background compared to electron X-ray analysis because a 

beam of protons decelerates much slower than an electron beam producing much less 

Bremsstrahlung radiation which improves the signal-background ratio. 

2. The higher energy proton beam used for PIXE has a higher production of the higher 

energy X-rays which also improves the peak-background ratio. 

Sensitivities for specific elements can be further improved by using different beam energies, 

filtering and collimation. In Figure 3-15 the PIXE X-ray spectrum of NiCr alloy powder was 

generated via a 2.5 MeV proton beam and detected with 50 microns of beryllium in front of 

the X-ray detector to stop the backscattered protons. The EDAX spectrum of NiCr alloy 

powder was generated via a 20 keV electron beam and detected with a super ultra thin 

detector window on the X-ray detector. 
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Figure 3-15: X-ray spectra of a NiCr alloy powder from both PIXE and EDAX..  
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 Nuclear Reaction Analysis (NRA).  

Nuclear reactions occur for some combinations of target nuclei and particles beams that can 

penetrate the coulomb barrier. For an incident particle to react with a target nucleus, it must 

have sufficient energy to overcome their electrostatic repulsion. Symbolically a nuclear 

reaction can be written as: 

M1 + M2 � M3 + M4 + Q 

Where M1 is the incident nucleus, M2 is the target, M3 is the emitted radiation which maybe 

either a nuclear particle or a gamma ray, M4 is the residual nucleus and Q is the energy 

released (or absorbed) in the reaction. Q is simply the difference between the total energy at 

rest of the interacting system before the nuclear reaction takes place and after the reaction has 

occurred. Taking the M’s to be masses the Q value can be calculated as follows: 

Q = (m1 + m2)c2 – (m3 + m4)c2 

The Q values can be positive (exoergic nuclear reaction) or negative (endoergic nuclear 

reaction). If the residual nucleus is left in an excited energy state, the Q value for the reaction 

will be reduced, relative to the value which would be obtained if the residual nucleus were 

left in the ground state. Some commonly used nuclear reactions that occur when using a 

deuteron ion beam at 0.5-2.0 MeV are: 16O(d,p0+1)17O, 12C(d,p0)13C, 14N(d,�0+1)12C and 
28Si(d,p0)29P  which can provide information that is not available for other techniques. With 

positive Q values for these reactions, the reaction products are emitted with energies larger 

than the incident beam energy. The Q-values and reaction product energies for these 

reactions are listed in Table 3-8.  

 
In a typical experimental setup, a stopping foil is placed between the target and the detector 

of sufficient thickness to stop the elastically scattered deuterons but thin enough to allow the 

higher energy reaction product to pass through (typically 10-14 microns of mylar). The yield 

of the reaction product is determined experimentally. The cross-section for the 16O(d,p0+1)17O 

reaction is shown in Appendix 4, Figure A4-2. An elemental depth profile can be obtained 

from the spectra due to the fact that the beam of deuterons loose energy as it penetrates the 

target and the reaction product also looses energy as it passes back through the target material 

to the detector. The incident deuteron energy is chosen where the cross-section has a flat 

region for at least 100 keV so that the reaction product yield is approximately constant over 

the range of deuteron energies in the sample allowing approximately 1 micron depth of 

analysis. A 920 keV deuteron beam incident on a NiCr alloy target, looses 160 keV of energy 
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after passing through 1 micron of sample (ie The energy loss: (dE/dx)NiCr = 160 keV/micron, 

a plot of the stopping power and range for 2H in NiCr is shown in Appendix 4, Figure 4-3). 

This allows depth profiles and concentrations to be determined with good sensitivity and 

depth resolution [Stoqurt 2002] for at least 0.6 microns by measuring the spectra of the 

reaction product. A simulation program called SIMNRA [Mayer 1999] can also be used to 

determine concentrations and depth profiles from the NRA spectra by comparing simulated 

spectra from trial depth profiles with experimental spectra. Nuclear reaction spectra of native 

oxides on the surface of substrate materials used in this study are shown in Figure 3-16 and 

the corresponding oxide thickness are listed in Table 3-9. 

Table 3-8: NRA nuclear reactions for Ed=0.920, �=150º. 
Reaction Q [MeV] Energy [MeV] 
12C(d,p0)13C 2.72 E(p0)=2.96 
16O(d,p0+1)17O 1.92, 1.05 E(p0)=2.38, E(p1)=1.59 
14N(d,�0+1)12C 13.57, 9.15 E(�0)=9.84, E(�1)=6.68 
28Si(d,p0)29P 6.25 E(p0)=6.67 
58Ni(d,d)58Ni {RBS} 0 E(d)=0.863 

 

60 80 100 120 140 160 180 200
0

100

200

300

400

500

600
12C(d,p

1
)13C

16O(d,p
0
)17O

16O(d,p
1
)17O

Energy (channel)

C
ou

nt
s

 Al Substrate
 Cu substrate
 Fe substrate

 
Figure 3-16: Nuclear reaction spectra of native oxides on the surface of substrate materials 

used in this study.  
 
 
Table 3-9. Oxide thicknesses of metal substrates used in this study determined using Nuclear 

Reaction Analysis (NRA). NRA spectra are shown in Figure 3-16.  
Substrate Native oxide thickness 

Aluminium 30 nm 
Copper 19 nm 

Mild Steel 10 nm 
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Resonant Nuclear Reaction Analysis (rNRA).  

Resonant NRA utilises narrow width resonances that occur at specific energies to profile 

element distributions within a sample. When the ion beam is exactly at the resonant energy 

then the resonance nuclear reaction occurs at the surface of the sample. The ions that 

penetrate the sample loose energy so that their energy is below the energy necessary for the 

resonance to occur. Hence as the energy of the beam is increased above the resonance 

energy, the resonance reaction occurs at increased depths within the sample.  
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Figure 3-17: Diagram illustrating energy loss and the method of depth profiling. 
 
 
In this study, resonant NRA [Tesmer 1995] was selected to measure Ni, Cr and Si depth 

profiles on the nanometre scale, with a depth resolution of approximately 10 nm at the 

surface of the specimen, this technique can measure high resolution depth profiles of Ni, Cr 

and Si. Silicon has been profiled mainly by the 620 keV 30Si(p,�)31P resonance [Tesmer 

1995, Hirvonan 1979]. Using (p,�) reactions to depth profile elements heavier than silicon is 

not very common because resonances are typically broad, not well isolated and require high 

bombarding energies [Tesmer 1995]. However a paper by Gossett [1980] describes how to 

use a high resolution Ge(Li) detector to profile Ti, Cr, Ni and Fe using (p,�) resonances. 

 

Resonant NRA utilises narrow width resonances that occur at specific energies to profile 

element distributions within a sample. When the ion beam is exactly at the resonant energy 

then the resonance nuclear reaction occurs at the surface of the sample. The ions that 

penetrate the sample loose energy so that their energy is below the energy necessary for the 

resonance to occur. Hence as the energy of the beam is increased above the resonance 

energy, the resonance reaction occurs at increased depths within the sample. The elemental 
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concentrations and depth that a resonance reaction occurs for varying beam energies can be 

calculated using estimated stopping powers. The stopping powers used in this study were 

calculated using SRIM software [www.SRIM.org] and are listed in Table 3-11. The resonant-

NRA results are given in the next chapter.  

Table 3-10: Resonance reactions, ion energies and gamma-ray energies used in this study. 
Reaction Resonance Energy (keV) E� (keV) 

30Si(p,�)31P 620 7897 
52Cr(p,�)53Mn 1005 2497 
58Ni(p,�)59Cu 1424 491 

 
Table 3-11: Stopping powers using to calculate the depth scale in the depth profiles. 

Sample Matrix Density 
g/cm3 

30Si(p,�)31P 
Ep=620keV 

Stopping power 
eV/nm 

(eV/1015atoms/cm2) 

52Cr(p,�)53Mn 
Ep=1005keV 

Stopping power 
eV/nm 

(eV/1015atoms/cm2) 

58Ni(p,�)59Cu 
Ep=1424keV 

Stopping power 
eV/nm 

(eV/1015atoms/cm2

Si wafer Si 2.3 53 (10.6)   
Cr plating Cr 7.2  98 (11.8) 80 (9.6) 
Ni foil Ni 8.9  111 (12.2) 92 (10.0) 
NiCr powder Ni80Cr20 8.4 135 (15.5) 105 (12.0) 88 (9.9) 
NiCr coating Ni80Cr20 8.4 135 (15.5) 105 (12.0) 88 (9.9) 

 
 
 Rutherford Backscattering Spectroscopy (RBS).  

RBS is an ideal technique for analysis of thin films [Tesmer 1995, Feldman 1986, Chu 1978]. 

Elemental concentrations of matrix components and impurities can be investigated as well as 

depth profiles of almost every element of the periodic table. RBS has the advantages of high 

sensitivity, nanometre depth resolution and is a non-destructive analysis technique that does 

not require specific sample preparation. Samples are mounted inside a high-vacuum analysis 

chamber without applying special sample preparation.  

 

The ion beam detects the number of atoms in a layer of unit area (atoms/cm2) which 

corresponds to film thickness which is independent of the material density. Using the 

material density, the film thickness can be calculated in conventional units such as 

nanometres or micrometers, or conversely, if the thickness is known, the average density can 

be calculated. The energy loss of the ion in the sample yields depth information. By 

analysing the shape of the energy spectrum, information on the concentration profiles can be 

determined. The thickness and composition information are extracted from RBS spectra 

using the data deconvolution software RUMP [Doolittle 1985]. 
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 Elastic Recoil Detection Analysis (ERDA).  

The Elastic Recoil Detection Analysis technique has been widely used to measure the 

hydrogen content with a limit of detection 0.1 at.% in many semiconducting films such as 

SiC and GaN [Stoqurt 2002, Kennedy 2002,  Kennedy 2006]. Our ERDA measurements are 

typically carried out using 2.5 MeV 4He+ ions with a beam current of 10 nA and beam size of 

0.5 mm.  The angle of incidence with respect to the target surface is usually 20o, and the 

ERDA detector placed at 30o with respect to the beam direction.  A mylar film of 10 µm 

thickness is attached in front of the ERDA detector to absorb all the scattered and recoiled 

atoms except hydrogen. The depth resolution is estimated to be around 50 nm at the sample 

surface by taking the FWHM of the H surface peak measured from a standard Si wafer. 

Hydrogen implanted Si samples were used as calibration standards. Using these experimental 

parameters, the depth of analysis of hydrogen was found to be approximately 800 nm.  

 

Figure 3-18 shows the ERDA spectra and corresponding SIMNRA [Mayer 1999] fits of 

oxidised aluminium samples and a film of Mylar. The SIMNRA fits enabled the extraction of 

the hydrogen concentration.   
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Figure 3-18: ERDA spectra plus SIMNRA simulations  
of oxidised aluminium samples and a mylar film. 



Chapter 3. Experimental Methodologies. 

 59 

3.6.5. X-ray photoelectron spectroscopy (XPS). 

X-ray photoelectron spectroscopy (XPS) was used in this thesis to characterise the surface 

composition of the NiCr spray powder and a NiCr spray coating. With a typical analysis 

depth of 1-5 nm, XPS is an ideal technique to determine the surface oxide composition of a 

sample.  

 

The basic process of XPS involves exposing a sample to a beam of X-rays ( νh ) and 

measuring the kinetic energy spectrum of the emitted electrons. The characteristic 

photoelectron binding energy for each element allows elemental identification and semi-

quantitative compositions to be determined. The photoelectrons energy (EKinetic) is dependent 

on the binding energy (EBinding) of the electrons.  

BindingKinetic EEh +=ν  

Hence, the chemical environment of an atom will cause a spatial redistribution of the valence 

electron charges which also alter the potential of the core electrons. The electron binding 

energies are shifted by small, but measurable differences depending on the chemical 

environment of that atom. For example, the measured binding energy of the Si 2p level shifts 

by more than 4 eV when the matrix is change from Si to SiO2.  

 

 
Figure 3-19: XPS experimental setup 

 

Semi-quantitative compositions can be determined by comparing line intensities or 

photoelectron peak areas. The intensity of a given line I depends on a number of factors 

including the photoelectric cross-section �, the electron escape depth �, photo-peak 

production efficiency y and the instrumental efficiency T. The flux of X-rays is essentially 

sample 

Al X-ray source e- energy analyser 

e- photon 



Chapter 3. Experimental Methodologies. 

 60 

un-attenuated over the depths from which the XPS electrons originate. The relative 

concentrations n of elements A and B in a sample is given by  

AAAA

BBBB

B

A

B

A

Ty
Ty

I
I

n
n

λσ
λσ

.=  

If the photo-peaks have about the same energy �A��B and TA�TB and the photo-peak 

efficiencies are about equal, then the composition can be approximated by: 

A

B

B

A

B

A

I
I

n
n

σ
σ

.=  

As the electron escape depth is 10-20 Å, the analysis is very sensitive to surface hydrocarbon 

impurities. 
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3.7. Bulk analysis of NiCr powder and coatings  

The Ni80Cr20 (5-45 �m) powder (Figure 3-20) used for these samples is a commercial alloy 

powder supplied from Sulzer Metco (Metco 43VF-NS, Ni 20Cr, particle Size: -45 +5 µm, -

325 mesh +5 µm, water atomized). It is used in many commercial coating applications 

designed to resist oxidation and corrosive gases in temperatures to 980ºC (1800ºF). It is also 

used to resist heat and prevent scaling of carbon and low alloy steels in hot atmospheres. The 

composition of the “as-supplied” powder is given in Table 3-12. Ni80/Cr20 is one of a family 

of alloys (with Cr containing more than 15 at.%) known as a super alloy developed 

principally for their corrosion resistant applications. They are also used for their heat 

resistance, low-expansion and electrical resistance properties. NiCr coatings are designed to 

resist oxidation and corrosive gases in temperatures to 980 ˚C (1800˚F). The chromium in the 

alloys promote the formation of a protective surface oxide (Cr2O3) [Stoloff 1990]. A strong 

incentive exists to lower chromium levels from 20 % in early wrought alloys to as little as 9 

% in modern cast alloys because chromium degrades the high temperature strength of the 

alloys. Unfortunately, this compositional change has degraded the hot corrosion resistance to 

the point that super-alloys used in gas turbines have to be coated. 

Table 3-12: Composition of the raw NiCr 80:20 alloy powder (METCO 43VF-NS) from the 
product specification sheet supplied by Sulzer Metco. 

Element Weight % Atomic % 
Carbon <0.3 <1.2 
Silicon <1.6 <3.1 

Manganese <2.7 <6.0 
Chromium 18.0 - 22.0 19.8 - 22.8 

Iron <1.0 <1.0 
Nickel 76.0 - 80.0 74.2 - 73.5 

 

  
Figure 3-20: NiCr powder particles stuck on carbon tape and sectioned using FIB 
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An initial investigation of the powder particles and HVAF coatings was made with X-ray 

scans using a scanning electron microscope (SEM) (Figure 3-21 and 3-22). Scans were also 

made using a scanning nuclear microprobe (SNM) by using particle induced X-ray 

experiments (PIXE) and nuclear reaction analysis (NRA). The presentations are limited to 

SEM scans, since the SNM results showed similar features as observed by the SEM scans. 

Figures 3-21 and 3-22 show the secondary electron (SE) image as well as the elemental maps 

of O, Si, S, Cr and Ni produced from the K� X-rays emitted from the samples. 

 

 
Figure 3-21: EDS Elemental maps of NiCr powder  

 

 
Figure 3-22: EDS Elemental maps of NiCr coating 

Si, Cr oxide particles 
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The SEM elemental maps shown in Figures 3-21 and 3-22, show two types of particles in the 

NiCr powder and also as splats within the coatings. The principal component of the powder 

and the splats are, particles of NiCr with a small impurity of Si (2 - 3 at.%). The minor 

component of the powder and the splats is particles of Si and Cr oxide with a composition of 

40 % SiO2 and 60 % Cr2O3. Semi-quantitative SEM energy dispersive X-rays (EDX) 

analyses are shown in Table 3-13. Silicon is used as a deoxidizer and to modify the viscosity 

of the molten metal during atomization manufacturing process [private communication with 

Sulzer Metco]. As a result, trace amounts of SiO2 are found in coatings as isolated 

particles/splats, as inclusions of the NiCr particles/slats or as amalgamated silicon chromium 

oxides. 

Table 3-13: Composition of the two different types of particles found in both the raw powder 
and coatings. 

 
 O 

at.% 
Si 

at.% 
Cr 

at.% 
Ni 

at.% 
Total 
at.% 

Compound 

Limit of detection 0.5 0.1 0.4 0.5   
Particles with Ni and Cr 0.4 2.5 22.7 74.3 99.9 NixCrySiz 
Particles with Si, Cr and O 61.6 14.1 20.5 3.4 99.6 40 % SiO2 and 60 % Cr2O3 
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Figure 3-23: X-ray spectra from NiCr powder and HVAF thermally sprayed coatings. 
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3.8. Surface analysis of NiCr powder and coatings  

Concentrations and depth profiles can be measured for the light elements O, C and Si with 

nuclear reaction analysis (NRA) with good sensitivity and depth resolution [Cohen 1992, 

Vickridge 1996, Markwitz 2004, Markwitz 2005]. Details of this technique are described in 

Section 3.6.4. 

 

Surface oxygen  

Oxygen profiles of the powder and coatings can be determined from the NRA spectra in 

Figure 3-24. The spectra of the NiCr powder and the NiCr coating was measured in broad 

beam mode (beam diameter 1mm). Figure 3-24 includes NRA spectra of a NiCr particle and 

an oxidised SiCr particle measured with a micro-beam (beam diameter 30 µm).  

 

The spectra of the NiCr particle indicates a thin oxide layer on the surface with very little in 

the bulk, whereas the SixCryOz particle has a relatively high oxide concentration with a 

uniform oxide profile. As expected from the previous bulk analysis, the NiCr powder and 

coating showed a mixture of the NiCr particles and the SixCryOz particles. Measurements of 

the thin surface oxide with 16O(d,p0)17O or 16O(d,p1)17O nuclear reactions typically have a 

depth resolution of 30-50 nm [Gosset 1983, Turos 1973a], whereas the reaction 16O(d,�0)17O 

can achieve the much better resolution of 20 nm due to higher stopping power values of 

alpha particles in the sample [Turos 1973b]. For this reason the NiCr powder and coatings 

(samples tilted to 39º) were also measured with a broad beam of 900 keV deuterons to utilise 

the 16O(d,�0)17O reaction (Appendix 4, Figure A4-2). Spectra for the NiCr powder and the 

coating show that the oxygen depth profiles are almost identical and there is only a small 

difference in the very thin surface carbon layer. From the simulations of the above spectra, 

the profiles of oxygen and carbon in a NiCr particle as well as a NiCr coating are listed in 

Table 3-14. To estimate the profile layer thicknesses in nanometres, an atomic density of 8.82 

× 1022 cm-3 was used for Ni80/Cr20. 
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Figure 3-24: NRA spectra using a 1.6 MeV deuteron beam. 
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Figure 3-25: NRA spectra measured with a broad beam of 900 keV deuterons to utilise the 
16O(d,�0)17O reaction. 
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Table 3-14: Surface composition of the NiCr particles and coatings. 
 

 NiCr particle (microbeam)   
Layer Thickness Thickness O C 

 1015 cm-2 nm at.% at.% 
1 21   100.0 
2 60 7 60.0 0.30 
3 4608 522 3.00 0.30 
4 Bulk bulk 1.00 0.15 
     
 NiCr coating (broad beam)   

Layer thickness Thickness O C 
 1015 cm-2 nm at.% at.% 

1 17   100.0 
2 60 7 60.0 0.30 
3 6608 749 5.0 0.30 
4 8000 907 4.0 0.30 
5 bulk bulk 3.0 0.24 

 
 

The average oxide concentration of the NiCr coating is 3 at%. The SiCrO particles/inclusions 

have 62 at% oxide and are estimated to be approximately 5 at% of the powder/coating 

material. The NiCr matrix without the SiCrO particle/inclusions is estimated to contain 1 at 

% oxygen. This agrees with typical oxide contents found by other authors also in NiCr 

coatings [Rinaldi 2001]. The finding that the composition of the sprayed particles remained 

unchanged during the HVAF spraying process is in marked contrast to other thermal spray 

processes where for example iron coatings have been found to gain 2-10 wt% oxygen [Van 

Steenkiste 1999]. 
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Surface silicon 

To measure Si profiles in the NiCr coating and powder samples, the 28Si(d,p0)29P nuclear 

reaction was used at a deuteron energy of 2.75 MeV. The cross-section value (1.2 mb sr-1) 

has an approximately uniform shape at 150º over a range of 600 keV [Kennedy 2000]. In this 

region the spectra is free from interference’s from other elements offering a good limit of 

detection. The NRA spectra in Figure 3-26 measured with a 42 �m mylar stopping foil show 

that Si is approximately uniformly distributed across the NiCr particles in both the raw 

powder and the coatings. In addition, the average Si concentration in the NiCr particles was 

determined to be 3.6 ± 0.5 at.%.  

6500 7000 7500 8000 8500
0

10

20

30

 

 

Energy (keV)

C
ou

nt
s/

µC

 NiCr coating
 NiCr powder
 Si 3.6%

 

Figure 3-26: 28Si(d,p0)29P spectra of the NiCr powder and the NiCr particle measured with a 
deuteron energy of 2.75 MeV. 

 
A Si depth profile with a depth resolution of a few nanometres was also measured via 

resonant NRA [Tesmer 1995]. Silicon has been profiled by the 620 keV 30Si(p,�)31P 

resonance [Tesmer 1995, Hirovonan 1979]. The Si depth profile shows that there is a small 

amount (3-5 at. %) of Si in the bulk of the NiCr material as well as enrichment (6-7 at.%) in 

the surface oxide. From the Si depth profile it is observed that the silicon has been 

incorporated into the NiCr alloy and has diffused to the particle surface along with Cr to form 

a chromium rich oxide during the formation of the NiCr powder. The features of the 



Chapter 3. Experimental Methodologies. 

 68 

elemental profiles are observed in both the raw NiCr powder and the NiCr coatings. Hence 

the surface oxide composition of the powder is essentially unaltered during the HVAF 

coating process. 

 

-10 0 10 20 30 40 50

0%

2%

4%

6%

8%

10%

12%

14%

 

 

Depth (nm)

S
i c

on
ce

nt
ra

tio
n 

(a
t.%

)

 Si wafer / 10
 NiCr coating

 
Figure 3-27:  Si depth profile of: NiCr HVAF spray coating and a Si wafer (divided by 10) 

for comparison purposes. 
 

Surface nickel and chromium  

Resonant NRA [Tesmer 1995] was also selected to measure Ni and Cr depth profiles with a 

depth resolution of a few nm at the surface of the specimen. Using (p,�) reactions to depth 

profile elements heavier than silicon is not very common because resonances are typically 

broad, not well isolated and require high bombarding energies [Tesmer 1995]. However a 

paper by Gossett [Gosset 1983] describes how to use a high resolution Ge(Li) detector to 

profile Ti, Cr, Ni and Fe using (p,�) resonances. More experimental details and description of 

the technique is given in Chapter 2. 

 

Depth profiles of Ni (Figure 3-28) and Cr (Figure 3-29) were measured to characterise the 

surface oxide of the NiCr particle before and after the high velocity thermal spraying coating 

process. The data points are connected with a B-Spline curve fit available in Origin plotting 
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software. The errors bars represent the error associated with fitting the gamma ray peak of 

each measurement. The slope in the sample depth profiles near the surface is due to the depth 

resolution of the measurement (approx 10 nm). The concentrations of the Ni, Cr and Si in the 

samples can be estimated by comparing the sample depth profiles with depth profiles of 

standards. The depth profiles of the standards have been scaled by factors to make them 

comparable to the nominal elemental concentrations in the samples i.e. Ni:80% and Cr:20%. 

-10 0 10 20 30 40
0%

20%

40%

60%

80%

100%

0%

20%

40%

60%

80%

100%

 

depth (nm)

N
i c

on
ce

nt
ra

tio
n 

(a
to

m
ic

 %
)

 Ni std x 80%
 NiCr powder 
 NiCr coating

 
Figure 3-28:  Ni depth profiles of: NiCr HVAF spray coating, NiCr raw powder and a Ni 

standard scaled to 80% for comparison purposes. 
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Figure 3-29:  Cr depth profiles of: NiCr HVAF spray coating, NiCr raw powder and a Cr 

standard scaled to 20% for comparison purposes. 
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The depth profiles of the Cr and Si clearly show enrichment over the first 10-20 nm from the 

surface. There is also a corresponding depletion in the Ni depth profile over the same region. 

Hence the surface oxide is enriched in chromium and silicon while depleted in nickel. The 

formation of chromium oxide at the surface is in agreement with previous XPS 

measurements and is part of the protective design of the “super” alloys that contain Cr 

[Stoloff 1990].  

Surface compounds  

Semi-quantitative compositions can be determined via X-ray photoelectron spectroscopy 

(XPS). The XPS spectra for a NiCr coating (Figure 3-30) show the photoelectron peaks for 

Ni, Cr, O, C and Si. The measurements were made with an Al K� source providing an 

excitation energy of 1486 eV. The binding energy of the Si peak was measured to be 103.2 

eV, which agrees with the binding energy (BE) of Si in SiO2. The measured binding energy 

for Cr in the coating was 576.7 eV which agrees with the BE of Cr in Cr2O3 (576.9 eV) 

[Moulder 1992]. The XPS spectrum for Ni is made up of four partially overlapping peaks 

corresponding to 2p3/2 and 2p1/2 peaks with associated “shakeup” peaks. Paramagnetic nickel 

complexes have been shown to exhibit intense shake-up satellites on the higher energy side 

of the primary peaks in the Ni(2p) photoelectron region, whereas no shake-up satellites occur 

for diamagnetic nickel complexes. On oxidation the appearance of a shake-up satellite in the 

Ni(2p3/2) region implies that the nickel centre has become paramagnetic [Dhindsa 1991]. The 

measured binding energy for Ni for the 2p3/2 peak occurred at 855.2 eV which agrees with the 

binding energy of Ni in Ni(OH)2. Another possibility for the oxidised nickel is a mixed oxide 

with chromium. Mixed nickel chromium oxides such as NiCr2O4 are known to produce these 

“shakeup” peaks [Moulder 1992], however a binding energy for NiCr2O4 could not be found 

to confirm this. 

 

The depth of analysis for XPS is less than 5 nm which means that the photoelectrons will be 

emitted only from the surface layers of the particles. The photoelectrons from the carbon 

were ignored as it was assumed that they were originating from a thin hydrocarbon layer 

found on the surface of most samples rather than being part of the surface oxide layers. The 

fully oxidised Si/Cr particles and inclusions (5% of the bulk material) are estimated to make 

a minor contribution to the XPS spectra for the bulk NiCr powder or coating. Therefore we 

can say that the total measured elemental concentrations from XPS are predominantly from 

the surface oxide layers of the NiCr particles.  
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In the NiCr powder XPS spectra, the BEs from the elements/compounds agreed very closely 

those from the coating. Comparison of the elemental concentrations for the coating and the 

powder in Table 3-15 show that there is some differences between them. An explanation for 

this is that the powder had a thicker surface layer of carbon than the coating sample, 

effectively reducing how deep the XPS analysis can go into the oxide layer below. Hence we 

are preferentially sampling only the outer part of the oxide layer from the powder particles. 

Silicon occurred at 18 % on the powder surface (with the thickest C layer) compared with 5.6 

% on the coating and 3.6 % in the bulk. On the other hand the Ni and Cr concentrations 

reduce with the depth of analysis implying that Si is more highly concentrated at the surface 

of the oxide than Ni or Cr. Silicon must diffuse to the surface of the oxide during the 

atomisation manufacturing process.  

 
Figure 3-30: Wide XPS scan of a NiCr coating. Narrow XPS scans for Ni and Cr from a 

NiCr coating are shown in the inset. 
 

Table 3-15a: X-ray photoelectron spectroscopy (XPS) binding energies for the Ni80/Cr20 
powder and thermal spray coating. Possible elemental and compound BEs are listed. The 

most likely compounds in bold. 
 Measured BE 

(eV) 
Possible element and compound BEs (eV) 

Ni 2p3/2 855.2 Ni: 852.6,  NiO: 853.8, Ni(OH)2 :855.4 
Cr 2p3/2 576.7 Cr: 574.1,  Cr2O3: 576.9 
Si 2p 103.2 Si: 99.2,  SiO2: 103.2 
O 1s 531.3 NiO:529.4, Ni(OH)2: 530.9, SiO2: 532.5, O: 543.1, Cr2O3: 855.4 

Ni
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Table 3-15b: X-ray photoelectron spectroscopy (XPS) binding energies and concentrations, 

for the Ni80/Cr20 powder and thermal spray coating. 
Element Coating 

(at%) 
Powder 
(at%) 

Si/Cr/O impurity 
(at%) 

Ni 22.6% 6.9% 0.2% 
Cr 11.4% 7.4% 1.0% 
Si 5.6% 18.0% 0.7% 
O 60.5% 68.0% 3.1% 
Sum 100% 100% 5.0% 

 
 

3.9. Summary 

 
In this chapter, the preparation of thermal spray coated samples for various experiments 

using the high velocity air fuel technique (HVAF) is described. Preparation of single splat 

samples is described which where the most common subject of study in this thesis. The 

surface composition of the NiCr powder material was characterised and compared with a 

HVAF sprayed NiCr coating to see if the surface oxide composition was altered during the 

high velocity thermal spraying process. The surface oxide on the Ni80/Cr20 particles was 

found to be 10 nm thick and enriched in Cr and Si. A surprising finding was that the 

composition of the Ni80/Cr20 powder remained unchanged during the coating process 

despite the high velocity application with the HVAF method. 
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Chapter 4. Influence of Substrate Properties on 

Splat Formation 

This chapter reports on the effect of thermally spraying Ni-chrome alloy particles onto a 

variety of substrate materials using the high velocity air fuel (HVAF) technique. Although 

the various substrate materials were sprayed using identical powder material and thermal 

spray conditions, the type and variation of splat morphologies was found to be strongly 

dependent on the substrate material. Predominantly solid splats were observed penetrating 

deeply into softer substrates, such as aluminium, whereas molten splats were observed on 

harder substrates which resisted particle penetration. The observed correlation between 

molten splats and substrate hardness is shown in this chapter to be due to conversion of 

particle kinetic energy into plastic deformation and heat, dependent on substrate hardness. 

 

4.1. Introduction 

A number of studies have reported a relationship between the substrate material and the 

bonding of molten splats. For example, rebounding of molten splats has been shown to 

depend on the substrate material [Fauchais 2004]. Also, the morphology of bonded molten 

splats depends on the substrate material [Fukumoto 1995a, Fukumoto 1995b, Houben 1984]. 

Although no information was found in the literature on whether a substrate material affects 

the final physical state of impacting solid particles, it is expected that for certain conditions, 

the substrate will affect the final physical state of the splat. For example, heat gained from 

particle deformation during impact would melt an impacting solid particle which had a 

temperature sufficiently close to the melting point. In this chapter, the influence of the 

substrate on resultant splat microstructures for NiCr splats deposited by HVAF thermal spray 

is examined. 

 

The physical state of the powder material being coated is dependent on the thermal spray 

technique used. At the low end of the temperature scale, the cold spray process heats the 
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spray coating material to less than 300 ºC [Assadi 2003] and usually produces solid splats. 

Whereas at the high end of the temperature scale, the plasma spray process uses temperatures 

above 3800 ºC [Smith 1992] producing molten droplets. High velocity oxy-fuel (HVOF) and 

high velocity air fuel (HVAF) thermal spray methods cover the intermediate temperature 

region where sprayed particles have temperatures in the range of 500 - 2500 ºC [Smith 1992, 

Browning 1992]. The high velocity spray processes are interesting in this respect since splats 

with a range of different thermal states can be studied together on the same substrates. (Note: 

A study of the higher temperature effects from using HVOF and preheated substrates are 

presented in Appendix 7) 

 

4.2. Experimental 

Individual splat samples were thermally sprayed onto the substrate material listed in Table 4-

1 by passing the HVAF gun across the substrate at a speed of 25 cm sec-1 with a spray 

distance of 15 cm. The substrates were clamped between 2 mm thick steel plates, for support 

and as a heat sink during the HVAF thermal spraying. This also reduced any possible effects 

of substrate thickness variations on the results. The morphology of the splats was 

investigated with focused ion beam (FIB) microscopy and scanning electron microscopy 

(SEM). FIB and SEM images were used to determine splat diameters and splat heights. The 

HVAF method and spray conditions used during the thermal spraying of the substrates in this 

study are described in Chapter 3, Section 3.3. 

 

Table 4-1: Substrate materials HVAF thermally sprayed. 
 

 
Substrate Supplier Product 

 

Thickness Purity 

1 Aluminium Alcan NZ Alcan NZ 1200, (BS 1470:1200) 1.2 mm 99.5% 

2 Titanium Goodfellow Ti foil, (TI000410) 0.25 mm 99.6% 

3 Copper Mico Metal HC (high conductivity) 3.0 mm 99.9% 

4 Steel Fletcher Steel Mild steel, (AS1595 NZCC-SD)  2.0 mm 99.7% 

5 Tantalum Goodfellow Ta foil, (TA000490) 1.0 mm 99.9% 

6 Carbon Goodfellow Glassy carbon, (VC000500) 1.0 mm 100% 

7 Silicon MMRC polished Si wafer, [1,0,0] 0.5 mm 100% 
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4.3. Results 

A wide variety of splat formations were observed when Ni-chrome alloy particles were 

thermally sprayed onto a variety of substrates with varying hardnesses using the HVAF 

technique. The amount of different types of splats varied significantly for different substrate 

materials thermally sprayed with identical conditions. Images of splat microstructures on the 

various substrates are shown in Figure 4-1 and features of the observed splats are 

summarized in Table 4-2 and Figure 4-2. Three types of splat morphologies are observed:  

a. Solid splats: During the thermal spray process, the temperature (T) remains below 

the melting point (Tm) of the spray coating material (T<Tm) [Dykhuizen 1999, 

Van Steenkiste 2002, Grujicic 2003]. Sectioned solid splats are shown in Figure 

4-1a. 

b. Slushy/broken/semi-molten splats: During the thermal spray process, particles are 

thermally softened and/or partially melted. During impact, further localized 

heating occurs due to conversion of kinetic energy to heat energy from plastic 

deformation of the particle (T�Tm) [Hanson 2002]. Semi-molten splats are shown 

in Figure 4-1b. 

c. Molten splats (Splash splats and disc splats): For particles that become molten 

during the spray coating process, two types of splats are observed: Splash splats 

and disc splats. The formation of splash splats and disc splats is discussed in 

Chapter 2, Section 2.3. Images of splash splats and disc splats are shown in 

Figures 4-1c and 4-1d, respectively. 

Predominantly solid splats with minimal deformation were observed penetrating deeply into 

soft materials, such as aluminium. Conversely, more deformed splats are observed on hard 

substrates, such as silicon, which resist particle penetration. In addition, a higher incidence of 

molten splats is observed on harder substrates. 
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Figure 4-1a: Solid splats, HVAF sprayed with NiCr particles on various substrates. 
 

 

 
 

Figure 4-1b: Semi-molten splats, HVAF sprayed with NiCr particles on various substrates. 
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Figure 4-1c: Molten-splash splats, HVAF sprayed with NiCr particles on various substrates. 
 
 

 
 

Figure 4-1d: Molten-disc splats, HVAF sprayed with NiCr particles on various substrates. 
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Table 4-2: Summary of NiCr splat types on various substrates 

 

Substrate Splat type observed Splat bonding and penetration 

 

Aluminium Mostly solid or broken Full particle penetration into substrate 

Titanium Mostly solid or broken partial particle penetration into substrate 

Copper Mostly solid or broken partial particle penetration into substrate 

Steel Mostly solid or broken partial particle penetration into substrate 

Tantalum All except disc splats Very little particle penetration 

Carbon All Very little particle penetration – indents are fractured 

Silicon All Very little particle penetration – indents are fractured 
 

 

 

Table 4-3 and Figure 4-2 present the percentage of splat types observed on the variety of 

different substrate materials. The number of splats surveyed on the substrates ranged from 22 

to 275. This is reflected by the error bars in Figure 4-2 which are one standard deviation of 

the splat type percentages surveyed on each substrate. Although the error bars are quite large 

for some of the measurements, the relationships between splat type and substrate hardness 

are evident. It is significant to note that the distribution of splat types varied markedly with 

substrate type. Few solid splats were found on the harder substrates whereas predominantly 

slushy and molten splats adhered. For soft substrates such as aluminium, NiCr particles 

penetrated deeply into the substrate material forming a mixture of solid and broken splats. 

Interestingly, the soft substrates had proportionally fewer molten splats, for example on 

aluminium only 3% of the splats were molten.  
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Table 4-3: Survey results of splat morphology types on various substrates. The relative 
percentage of each splat type found within the surveyed area is presented. 

 

Substrate Nominal 
Vickers 

Hardness 
(MPa) 

Yield 
Strength 
(MPa) 

Solid  

Splats 

 

Semi-molten 
splats 

Molten 

splats 

Total number 
of splats 
surveyed  

Surveyed 
area /splat 

(�m2) 

Aluminium 338 10-35 52% 45% 3% 128 5,147 

Titanium 588 140-250 14% 56% 31% 206 7,815 

Copper 667 54 32% 45% 23% 22 3,557 

Steel 785 120-150 17% 57% 26% 23 3,470 

Tantalum 1,422 310-380 14% 55% 31% 209 5,511 

Carbon 3,334 - 2% 17% 81% 111 2,245 

Silicon 11,082 1000-2000 3% 27% 70% 275 2,217 
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Figure 4-2: The graph demonstrates that there is a strong relationship of splat type 
percentage with substrate hardness. The error bars represent 1 standard deviation. 
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Figure 4-3: Diagram illustrating the dimensions used to calculate the particle compression 

and flattening ratios. 
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Figure 4-4: A plot of particle flattening ratio (splat diameter / pre-impact particle diameter) 
versus substrate hardness. Splats with flattening ratios <1.4 are solid and 1.4-1.9 are semi-
molten. Splats with flattening ratios above 1.9 were not sectioned but were observed to be 

molten splats. 
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FIB cross sections in Figure 4-1a show the extent of substrate deformation by solid NiCr 

particles. Measurements of sectioned NiCr splat dimensions showed that they frequently 

embed into aluminium displacing a substrate volume comparable to the particle volume. This 

is seen visually in Figure 4-1a for the sectioned NiCr splats on the aluminium substrate. 

Conversely, sectioned NiCr splats on the harder substrates such as glassy carbon or silicon 

showed that the NiCr splats displaced very little substrate volume comparable to the splat 

volume.  

 

Dykhuizen 1999 found that particle flattening for solid splats depends on substrate hardness 

and particle temperature. A measure of the particle deformation after impact on a substrate to 

form a splat is known as the flattening ratio [Dykhuizen 1999].The flattening ratio FR is the 

ratio of the deposited splat diameter (D) relative to the original particle diameter (d) as shown 

in Figure 4-3 and Equation 4-1. 

d
D

FR =    (Eqn. 4-1) 

Because the original powder particles were predominantly spherical, the original particle 

diameter was estimated by using the total volume of a splat and calculating the diameter of 

an equivalent sphere with the same volume. Splash splats have an inner continuous splat area 

and radial splashes from the diameter where the splat started to solidify during impact. The 

diameter of the splash splats was measured across the continuous part of the splat and did not 

include the radial splashes. 

 

The relationship between substrate hardness and particle deformation was investigated by 

measuring splat flattening ratios (Figure 4-4) and diameters (Figures 4-5, 4-6).  Splats with 

flattening ratios above 1.9 were not sectioned but were found to be molten splats. Figure 4-4 

shows that, 

a. splats with flattening ratios below 1.4 are solid.  

b. splats with flattening ratios between 1.4 - 1.9 are semi molten 

c. splats with flattening ratios above 1.9 are molten. 
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Figure 4-5: Solid splat diameter versus substrate hardness. Solid splat diameters show no 
correlation with substrate hardness. The error bars represent 1 standard deviation. 
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Figure 4-6: Molten splat diameters versus substrate hardness. Molten splat diameters are 
larger on harder substrates. The error bars represent 1 standard deviation. 
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Figure 4-5 shows that the size range of the solid splats observed on the various substrate 

materials is representative of the powder feedstock (5-45 �m). Conversely in Figure 4-6, the 

size range of molten splats indicates a relationship with the substrate hardness. In particular, 

molten splats on softer substrates are smaller compared to molten splats on harder substrates. 

This may be due to either:  

a. a greater degree of splat spreading on harder substrates, or/and 

b. a greater number of solid splats becoming molten due to heat and strain energy 

gained from plastic deformation of solid splats on harder substrates. 

 

The ratio of the crater volume to the splat volume was estimates and plotted in Figure 4-7 for 

all the NiCr solid splats FIB cross-sectioned during this thesis. A linear trend line is plotted 

through the maximum ratios. Ratios below this line are attributed variations in specific splat 

depositions such as stronger than average splat microstructures, above average particle 

velocities or temperatures. From the trend line it is observed that solid NiCr splats displace 

more substrate material in soft substrates (low hardness) and less material in harder 

substrates. An example of a NiCr splat embedded into aluminium is shown in Figure 4-1a 

where the splat has displaced a substrate volume comparable to the solid splat volume. 

Conversely, images in Figures 4-1c and 4-1d of NiCr splats on harder substrates such as 

silicon show that the NiCr splat displaced very little substrate volume comparable to the splat 

volume. 
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Figure 4-7: Plot of crater volume / splat volume ratio versus hardness. It shows that NiCr 

solid splats penetrate more deeply into soft substrates. 
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Figure 4-8: Particle flattening ratio (splat diameter / pre-impact particle diameter) versus 

average grain size. Less deformation occurs in particles with smaller grain sizes. 



Chapter 4. Influence of Substrate Properties on Splat Formation 

 85 

 
 

FIB images of sectioned NiCr solid splats in Figure 4-1a, reveal grains within the NiCr 

splats. Most of the grains throughout the splat are compressed in the impact direction of the 

splat. It is observed that grains near the interface are more compressed than grains near the 

top of the splat. Deformation of grains within a splat reveals information of the impact 

process and the strength of the original particle. Figure 4-8 shows that solid particle 

deformation correlates inversely with the average grain size within the splat. Similar to 

Figure 4-7 a trend line is drawn through the maximum data points representing splats that 

have deformed the most for their respective average grain sizes. Data points below this line 

represent splats that have less deformation compared to other splats with similar grain sizes. 

These splats may have had stronger microstructures prior to impact or above average particle 

velocities or temperatures. In two different sectioned raw powder particles (see Figure 3-20), 

a large range (1-5 �m) of grain sizes are observed which is of similar order to the range of 

grain sizes (1-9 �m) observed in Figure 4-8 for deposited splats. Heating of the particle 

during the manufacturing process influences the grain size and consequent particle strength 

during impact. Thus the grain sizes found in splats are a combination of the grain sizes grown 

during the manufacturing process and alteration of the grain structure during deposition.  

4.4. Discussion 

The most significant difference in the percentage of splat’s physical states on the various 

substrates studied is the lack of molten splats found on soft substrates and the preponderance 

of molten splats on hard substrates. The relationship between the type of splat and substrate 

hardness is possible due to the following effects:  

 

a. The relationship between deposition efficiencies for solid and molten splats 

depends on the substrate material. 

b. In the process of particle deformation, particle kinetic energy converted into heat 

and strain energy will melt previously solid particles with temperatures close to 

the melting point of the splat material. 

 

In the literature, modelling the impact of splats onto substrates has been described for both 

solid [Dykhuizen 1999, Van Steenkiste 2002, Grujicic 2003] and molten [Fauchais 2004] 
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splats. For fully molten droplets, the substrate hardness is not considered an important 

influence on the splat formation morphology and is not included in splat flattening formulae 

found in the literature. Conversely, for solid particles impacting on a substrate, the substrate 

hardness plays an primary role in the final profile of a splat. However, in cold spray 

deformation models, melting or particle heating is not considered because in general, the 

particles have not been observed to melt [Dykhuizen 1999, Van Steenkiste 2002, Grujicic 

2003]. Interfacial melting has been observed rarely in cold spray coatings [Vleck 2005, Vleck 

2002]. In the process of plastic deformation, the particle’s kinetic energy is partly converted 

into heat and strain energy which melts previously solid particles with temperatures close to 

the melting point of the splat material. Hence, there is a gap in the available models covering 

the region of thermal spray processes where heated solid particles become molten during the 

impact process. This has only recently been discussed by Vleck, 2005.  

 

To test the feasibility of this notion an estimate of the particle temperature both before and 

after impact was made from which the expected fraction of solid and molten splats was 

determined. The estimate is based on two energy components: 

• Heat gained during acceleration from the hot gas in the HVAF gun. 

• Conversion of particle kinetic energy into heat during impact. 

 

4.4.1. Heat gained during acceleration in the HVAF gun 

The particle’s velocity and temperature were not measured during the HVAF coating; 

however typical values were obtained from the literature. Jacobs [1999c] measured the 

average particle temperature in the range of 1380-1400 ºC for WC/Co powder HVAF 

thermally sprayed with a thermal spray distance of 25 cm (compared to 15 cm in this thesis 

study) however the chamber pressure was not specified in the measurements. More extensive 

particle velocity and temperature measurements were planned by Jacobs [1999c] but could 

not be completed. The only other particle temperature or velocity measurement found in the 

literature was by Browning [1992] who made particle temperature and velocity estimates for 

a range of chamber pressures 414 to 4140 kPa (60 to 600 psi). For a chamber pressure of 414 

kPa (60 psi), Browning [1992] estimated an average particle velocity of 670 ms-1 (2222 ft 

sec-1) and an average particle temperature of 1274 ºC (2326 ºF) in the diverging section of the 
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nozzle which is below the melting point of NiCr powder (TM = 1400 ºC). Hence, the majority 

of the impacting NiCr splats are expected to be solid.  

 

The temperature distribution of particles from the similar HVOF coating process has been 

measured [Fincke 2001] and was found to follow a Gaussian distribution with an average 

value of 2119 ºC with a standard deviation of 296 ºC (14%). For the purposes of this 

estimation, a similar Gaussian distribution with a 14% standard deviation was used to 

approximate the temperature distribution of particles in HVAF thermal coating.  

 

4.4.2. Kinetic energy converted into heat during impact 

NiCr particles have minimal deformation when impacted on soft substrates. Hence, very little 

of the particle’s kinetic energy (� 10%) is converted into plastic deformation and heat. 

Conversely, NiCr particles suffered heavy deformation impacting into hard substrates. In this 

case, most of the particle’s kinetic energy (� 90%) is converted into plastic deformation and 

heat. 

 

4.4.3. Adiabatic heating 

Heat conduction in solid particles or substrate materials during the collision process is 

assumed to be adiabatic and is ignored, i.e., heat transfer does not need to be considered 

[Assadi 2003, Van Steenkiste 2002 and Dykhuyizen 1999]. The dimensionless parameter 

[Assadi 2003, Olson 1981] in Equation 4-2 is the ratio of the heat diffusion distance and the 

particle diameter is used to estimate the proportion of heat transfer. 

     
tD

x
diameterparticle th

2distancediffusionheat =   (Eqn. 4-2)  

ρP
th C

K
D =     (Eqn. 4-3) 

 
Where x is a characteristic system dimension (i.e. a typical particle diameter), t is the process 

time, Dth is thermal diffusivity which is calculated by the formula shown in equation 4-3, K is 

the thermal conductivity, CP is heat capacity and � is density. Values of the dimensionless 

parameter are presented in Table 4-4, based on a typical particle with a diameter of 10 �m, 

velocity (v) of 1000 ms-1 and an interaction time of the order of (t = x/v) � 10 ns.  Values > 1 
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are considered to justify the assumption of adiabatic heating. The estimated heat diffusion 

depths ranges from 0.25 – 1.0 µm for the materials supporting the previous estimation of 

adiabatic heating.  

 
Table 4-4: Calculation of the dimensionless parameter of heat diffusion distance/particle 

diameter =x2/Dtht and XD = thermal diffusion distance. 
 

Material property Al Ti Cu Fe Ta C Si NiCr 

 

K: thermal conductivity (W m-1 K-1) 227 21.9 401 80.4 57.5 6.3 124 13.4 

CP: heat capacity at 25ºC (J K-1 kg-1) 900 523 385 444 140 712 703 460 

�: density (g cm-3) 10.5 4.5 8.96 7.87 16.6 1.42 2.34 8.4 

Dth: thermal diffusivity (m2 s-1) x 10-6 24 9 116 23 24.7 6 75 3.5 

TM: melting point (°C) 961.9 1660 1083 1535 2996 3650 1410 1400 

x2/Dtht 416 1075 86 435 404 1605 133 2884 

XD: thermal diffusion distance = (Dt)1/2 (µm)  0.49 0.31  1.08 0.48 0.50 0.25 0.87 0.19 
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Figure 4-9: Thermal diffusion distance (XD) of some materials used in this study. The thermal 
diffusion distances for the materials used in this study ranges from 0.2 – 1.1 µm. 

 
 

While some heat transfer will occur during the particle impact, the assumption of adiabatic 

heating in solid splat coatings is confirmed to be consistent with experimental findings in this 

thesis for solid splat coatings. In solid splat cross-sections there was no evidence of substrate 

melting even for solid splats on aluminium (Melting point = 660 ºC). The average pre-impact 

particle temperature is 1274 ºC (2326 ºF) (plotted in Figure 4-11a) which is almost twice the 
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melting point of aluminium. If significant heat transfer occurred during the particle impact, 

then aluminium substrate melting would have been observed. In addition, separation of the 

splat-substrate interface at the bottom of the splat in Figures 5-1 and 5-2 suggests a large 

temperature difference between the splat and the substrate at the end of the impact event. 

After the impact event was completed, heat transfer has occurred followed by splat 

contraction. 

 

When the splat is molten or becomes molten during the impact event, the assumption of 

adiabatic heating is no longer safe. Studies of molten splat processes [described in section 

2.3] discuss how heat transfer can play a significant role in molten splat morphology 

formation. This finding is also demonstrated by the observation of splash splats shown in 

Figure 4-1c. The formation of splash splats occurs due to heat transfer during the molten 

splat deposition. The heat transfer causes splat solidification to occur before the splat 

spreading is complete. 

 

Hence, for the solid splat coatings observed in this thesis, adiabatic heat transfer is a good 

assumption for solid particle impacts but not for molten particle impacts or when the particle 

becomes molten during the impact.  
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4.4.4. Relationship between temperature and energy 

For temperatures both above and below the melting point of NiCr (TM = 1,400 ºC), 

temperature has a direct relationship with thermal energy where the gradient is the heat 

capacity of NiCr (CP = 0.460 J K-1 g-1). Once the temperature has reached the melting point 

an additional amount of energy needs to be applied before the material melts and the 

temperature to rise above the melting point temperature. This energy is known as either the 

latent heat of fusion or the enthalpy of fusion 	Hfus.  Because a latent heat of fusion value for 

Ni80Cr20 was not available, a value was estimated as shown in Table 4-5 by taking a 

weighted average of the Ni and Cr values based on the concentrations of Ni (80%) and Cr 

(20%). 

 

Table 4-5: Latent heat of fusion (+[CRC Handbook],* calculated) 
 

Material Latent heat of fusion 

	Hfus (J g-1) 

Ni 292+ 

Cr 260+ 

Ni80Cr20 286* 
 
 

To calculate the particle temperature after impact, a heat capacity (CP) of 0.460 J K-1 g-1 and 

an estimated enthalpy of fusion (	Hfus) of 286 J g-1 were used as outlined in Table 4-6 and 

shown in Figure 4-10.  

 

Table 4-6: Relationship between splat thermal energy and temperature. 
 

Splat thermal energy Temperature region Splat temperature 

Ethermal = TP × Cp TP < TM TP = Ethermal/CP 

for Ethermal > TM × Cp 

and TP × CP - 	Hfus< Tm × Cp 

TP = Tm TP = Tm 

Ethermal=TP × CP + 	Hfus TP > Tm TP = (Ethermal - 	Hfus) / CP 
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Figure 4-10: Relationship between the splat thermal energy and temperature. The gradient 

above and below the melting point is the heat capacity of NiCr. The amount of energy needed 
to melt NiCr once the melting point temperature is reached is the latent heat of fusion( �Hfus) 
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Figure 4-11a) The pre-impact thermal distribution with an average velocity of 670 ms-1 and 
0% of the KE transferred into heat. b) The splat thermal distribution with an average velocity 
of 670 ms-1and 90% of the KE transferred into heat. c) The splat thermal distribution with an 

average velocity of 975 ms-1and 90% of the KE transferred into heat. 
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4.4.5. Percentage of solid and molten splats 

The HVAF thermally sprayed NiCr particles have a Gaussian temperature distribution prior 

to impact with an average temperature of 1274 ºC (2326 ºF) and a standard deviation of 14% 

(178 ºC) as plotted in Figure 4-11a. The distribution is plotted against the thermal energy of 

the splat rather than temperature because the temperature scale is not linear, but is a discrete 

scale as discussed above. The pre-impact thermal distribution as shown in Figure 4-11a, 

consists of predominantly solid particles. 

  

Table 4-7: Percentage of solid and molten splats for varying amounts of kinetic energy 
transferred into heat energy. TP=1,274 °C, Std dev =14%, Particle velocity = 670 ms-1 and 

975 ms-1 

 

Particle velocity = 670 ms-1 

 

Particle velocity = 975 ms-1 % KE transferred 
into heat energy 

Solid % 

 

Molten % Solid % Molten % 

0 100 0 100 0 

5 100 0 100 0 

10 100 0 100 0 

25 100 0 99 1 

50 99 1 85 15 

75 96 4 44 56 

90 92 8 20 80 

100 88 12 9 91 
 
 

In Table 4-7, the estimated percentages of solid and molten splats is shown for varying 

percentages of kinetic energy transferred into heat energy. The estimates are based on an 

average pre-impact particle temperature (TP) of 1274 °C with a standard deviation of 14% 

and an average particle velocity of 670 ms-1. It was found that modelling impacts on hard 

substrate with 90% of the kinetic energy transferred into heat energy, 8% of the splats were 

estimated to be molten (Figure 4-11b) which is significantly lower than the 80% of molten 

splats observed experimentally on hard substrates. Because splats are caused by impacting 

particles that are above the threshold velocity, the thermal distribution for bonding particles 

is modelled by a velocity distribution with a higher average velocity. Close agreement was 

achieved by using an average particle velocity of 975 ms-1. In Table 4-7, the percentage of 
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solid and molten splats for varying amounts of kinetic energy transferred into heat energy 

were calculated using an average particle velocity of 975 ms-1. These results show a similar 

trend to the percentages of solid and molten splats observed on the spray coated samples for 

soft and hard substrates in Figure 4-1. In particular, an estimate of 80% of molten splats was 

achieved for a velocity of 975 ms-1 with 90% of the kinetic energy converted into heat (Table 

4-7 and Figure 4-11c). This is similar to the observed percentage of molten splats on hard 

substrates (Figure 4-2). Using a higher average velocity to represent bonding particles from a 

higher fraction of the velocity distribution is consistent with other findings. In particular, 

previous studies have determined threshold velocity behaviour [Van Steenkiste 2002] where 

thermal spraying is successful only above a critical velocity. Particles below the critical 

velocity have insufficient energy to break surface oxides and achieve sufficient plastic 

deformation for successful bonding.  

 

While it has been shown that the substrate (and splat) hardness appears to be the primary 

cause of additional heating due to the splat deformation, other material properties of the 

substrate (and splat) are also likely to influence the splat formation. Theoretical studies of 

solid particle impacts [Assadi 2003, Dykhuizen 1999, Van Steenkiste 2002] have shown that 

heat conduction during the collision process can be ignored and assumed to be adiabatic. For 

molten splat impacts, it has been shown [Fauchais 2004] that heat transfer due to the thermal 

conductivity and particle wetting properties of both the substrate and splat, does influence the 

final morphology of molten splats. The heat transfer depends on the physical state of the 

impacting particle/droplet, which plays an important role in the final morphology of the splat. 
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4.5. Conclusion 

NiCr alloy particles were thermally sprayed onto a variety of substrate materials using the 

high velocity air fuel (HVAF) technique. Soft substrates predominantly had deeply 

penetrating solid splats, whereas harder substrates which resisted particle penetration had a 

higher percentage of molten splats. The observed correlation between molten splats and 

substrate hardness agreed well with the estimated thermal energies of splats which included 

thermal energy converted from a portion of the particle’s kinetic energy depending on the 

amount of plastic deformation due to substrate hardness. In the process of plastic 

deformation, the particle’s kinetic energy is partly converted into heat and strain energy 

which melt impacting solid particles that have temperatures sufficiently close to the melting 

point. The percentage of kinetic energy transferred into heat energy is dependent on the 

substrate hardness and is greater for hard substrates. For HVAF thermally spray NiCr 

particles onto soft substrates, most of the splats are solid. However for HVAF thermally 

spray NiCr particles onto hard substrates, the heating of the particles in the gun plus the heat 

gained from solid particle deformation during impact is sufficient to melt up to 80% of the 

solid particles. Hence, the observed correlation between molten splats and substrate hardness 

is shown to agree with the presented model that incorporates conversion of kinetic energy 

into heat due to solid particle deformation during impact. The amount of solid splat 

deformation is dependent on the substrate hardness, affecting whether or not a solid particle 

remains solid or becomes molten during impact.  
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Chapter 5. Interfacial Bonding of Solid NiCr Splats 

 

In this chapter, the interface between the solid NiCr splats and metal substrates is 

investigated to determine the mechanism(s) of bonding. In particular, the interface is 

investigated to search for evidence of mechanical bonding, diffusion and chemical bonding, 

to determine the bonding mechanism(s) for solid splats. A detailed investigation of the 

interfacial bonding of molten splats is presented in Appendix 6. 

 

5.1. Introduction 

Chemical bonding and mechanical interlocking are the two main bonding mechanisms 

proposed for thermal spray coatings (Grujicic 2003, Dykhuizen 1999, Van Steenkiste 1999, 

Dallaire 1982). Evidence of chemical bonding has been found in thermal spray coatings 

where the feedstock material becomes molten or semi-molten during the coating process. For 

example, such bonding has been identified in coatings prepared using plasma-spraying 

(Dallaire 1982, Steffens 1991, Kitahara 1974), flame wire process (McPherson 1981) and in 

high velocity oxygen fuel (HVOF) spraying (Li 2003). However, it remains unclear which 

bonding mechanisms are dominant when the feedstock remains solid during the coating 

process (Grujicic 2003, Dykhuizen 1999, Van Steenkiste 1999, Dallaire 1982).  

 

In the previous chapter, it was shown that a range of splat types exist in thermal spray 

coatings, namely solid, semi-molten and molten splats. It was found that on soft substrates 

such as aluminium, that NiCr splats are predominantly solid with some semi-molten splats. 

Also observed are indents with smooth surfaces where particles have impacted, but not 

adhered to the surface. The splats bonded to the surface have a range of diameters 5 - 40 µm 

and are mostly smooth solid round splats with similar morphology and size range to the 

original powder particles (see Figures 3-20 and 3-21). The splat-substrate interfaces of NiCr 

splats, HVAF thermally sprayed onto aluminium, copper and steel substrates were 

investigated. Typical images of the samples are shown in Appendix 5, Figure A5-1. These 
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three substrate materials were chosen because they cover a wide range of hardnesses (338 – 

785 MPa) and melting point (660 ºC - 1535 ºC). In particular as shown in the previous 

chapter, the substrate hardness affects particle deformation and heating leading to different 

splat morphologies for these materials. The splat-substrate interface of these samples was 

investigated for evidence of interfacial features such as melting or diffusion to reveal which 

bonding mechanisms are present in solid splat coatings. 

 

5.2. Aluminium substrates 

Cross-sectioned NiCr solid splats embedded in aluminium substrates (Figure 5-1a-c), show 

individual solid splats that have deformed but stayed intact without shattering or melting. , 

Interlocking bonding features were found at the interface between the NiCr splats and the 

aluminium substrates. Cross-sectioned embedded semi-molten splats prepared by sectioning 

and polishing are shown in Figure 5-2a-c. The three polished sectioned splats show different 

degrees of turbulence and mixing of material at the splat-substrate interfaces. More effective 

bonding occurs at interface locations where interfacial mixing has occurred. Conversely, 

interfaces with smooth surfaces are poorly bonded and have separated.  

 

A 12 µm diameter NiCr solid splat embedded in an aluminium substrate (shown in the inset 

image at the top left of Figure 5-3) was investigated using cross-sectional TEM. The bright 

field image and the elemental X-ray maps shown in Figure 5-3 measured at region of the 

splat-substrate interface scanned at high resolution. It can be seen that the NiCr splat and the 

aluminium substrate are still strongly adhered in this location, whereas at other locations 

along the interface, separation has occurred.  
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Figure 5-1: Secondary electron images of three different solid NiCr splats embedded in Al 
substrates, sectioned and imaged with a FIB. The larger images show a region of the 

interface between the NiCr splat and the Al substrate. The inset images on the bottom left of 
each image show the whole sectioned surface and the location of the larger image. The splat 

diameters are: a) 11 	m, b) 17 	m and c) 24 	m. 
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Figure 5-2: Cross sectional SEM images of semi-molten NiCr splats embedded in an Al 
substrate with varying degrees of interfacial contact and interfacial turbulence: a) low level 

of interfacial turbulence, b) medium level of interfacial turbulence, and c) high level of 
interfacial turbulence. The splat diameters are: a) 14 	m, b) 21 	m and c) 36 	m. 
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Figure 5-3: TEM images of a 12 	m NiCr splat embedded in an aluminium substrate; a) 
bright field image of interface with a smaller image of the whole splat showing the location 

of the interface images, b) Al elemental map and c) Ni elemental map. 
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An important feature of the splat-substrate interface at the side of the splat in Figure 5-3 is an 

interlocking jet of aluminium extending approximately 100 nm into the NiCr splat 

perpendicular to the interface. This is the first observation of an interlocking bonding jet in a 

high velocity thermal spray coating. Interface jets parallel to the interface called surface 

scrubbing jets were first observed in the similar explosive welding process [Prummer 1987, 

Meyers 1988, Raybould 1981 – see Section 2.4.1 for more details]. However, these jets 

parallel to the interface, while critical for attaining clean splat and substrate surfaces and 

intimate contact between them, are not bonding structures. Nonetheless, the formation of the 

jets indicates that plastic flow has occurred at the interface during the splat formation. In 

certain conditions during plastic flow, it has been predicted [Grujicic 2003] that interfacial 

instability can lead to the formation of interfacial roll-ups and vortices leading to high 

strength interfacial bonding. Grujicic et al [Grujicic 2003] and Yih [Yih 1967] have 

demonstrated that an interfacial instability based on viscosity differences between the two 

flowing streams grow during a collision event to produce significant turbulence at the 

interface even for vanishing Reynolds numbers. Grujicic et al [Grujicic 2003] proposed that 

bonding occur through interfacial instability-based mechanisms, which leads to 

nano/microlength-scale mechanical material mixing/interlocking mechanisms at an interface. 

 

For bonding of solid splats to occur in cold spray coatings, it has been observed that plastic 

flow and deformation occurs in both the spray material and the substrate material [Grujicic 

2003, Dykhuizen 1999, Van Steenkiste 1999, Borchers 2003, Assadi 2003, Meyers 1988]. 

Tiwari [1991] also describes how ductile materials are important for mechanical bonding in 

co-spraying of hard ceramic particles using HVOF and metals using electric arc spraying. 

Hence, the materials must be ductile or co-sprayed with a ductile material to allow plastic 

deformation to occur. Additionally, the average particle velocity must exceed a minimum 

(material-dependent) critical velocity suggesting that the kinetic energy must be sufficient to 

plastically deform the solid material and/or disrupt the surface oxide film. The particle 

kinetic energy at impact is typically significantly lower than the energies required for the 

particle to melt [Grujicic 2003]. Formation of surface-scrubbing jets and high contact 

pressures are generally considered as prerequisites for splat/substrate bonding.  

 

The turbulent interfacial bonding features of the different sized splats in Figures 5-1, 2 and 3 

are more prominent as the splat size increases. This is consistent with the amount of 
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interfacial instability estimated by Reynolds number calculations [Grujicic 2003]. Since the 

Reynolds number (and impact pressure) is proportional to the particle diameter, the amount 

of interfacial instability that produces the turbulent features is also proportional to the splat 

diameter. This is consistent with the observation that the size of turbulent features observed 

at the interface of cross-sectioned splats in this study is proportional to the splat diameter as 

shown in Figure 5-4. The splat diameter will not be the only dependent parameter, as 

interfacial mixing will also depend on other variables such as particle temperature, speed and 

size, grain size and internal strength. The size of the turbulent features was measured as the 

distance that splat and substrate material overlapped each other at the interface of cross-

sectioned splats.  
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Figure 5-4: Graph of bonding feature size versus splat diameter shows that larger splats 
have larger bonding features. 
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To determine if atomic diffusion or surface adhesion is occurring between the splat and the 

substrate, interface regions were investigated for evidence of melting or re-crystallisation. A 

number of TEM images were taken from the interfacial regions of several splats (eg Figure 5-

3) which showed a uniform dislocation density throughout the NiCr splat and the aluminium 

substrate indicating that no melting or re-crystallisation had occurred during the spray 

coating process. TEM diffraction patterns revealed high angle crystal boundaries across the 

splat and the substrate interface revealing an absence of chemical bonding. In addition, 

elemental X-ray map scans with 4 ± 2 nm resolution in Figure 5-3 show no evidence of 

diffusion across the splat-substrate interface. Estimates of atomic diffusion extending less 

than 1 nm in typical cold spraying conditions [Grujicic 2003], suggest that diffusion would 

not be a dominant bonding mechanism under these conditions. Hence, the lack of evidence 

for interfacial chemical bonding and the observation of interfacial turbulence features, 

indicate that mechanical bonding is the dominant bonding mechanism for solid and semi-

molten NiCr splats thermally sprayed onto aluminium with HVAF.  

 

Investigating dense NiCr splats sprayed on soft aluminium substrates has proved to be an 

appropriate system for investigating interfacial mixing due to the large difference in density 

(and kinematic viscosity) between Al (2.7 gm cm-3) and NiCr (8.4 gm cm-3). In this study, 

interfacial turbulence between NiCr splats and aluminium substrates has been observed to 

range in size from 100 nm to 7 µm. The turbulent behaviour was observed to coincide with 

stronger bonding at locations where the interface was well bonded, whereas the interface had 

separated at places where the surfaces were smooth. The interfacial formations at well 

bonded interfaces suggest that mechanical interlocking is the dominant bonding mechanism. 
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5.3. Copper substrates  

Copper is a harder substrate material than aluminium resulting in relatively more NiCr splat 

deformation and less copper substrate deformation as demonstrated by the two sectioned 

NiCr splats on a copper substrate shown in Figure 5-5. Hence, splats are more compressed 

and partially embedded on copper, whereas the NiCr splats on aluminium substrates were 

less compressed and mostly fully embedded. The interfaces of several splats investigated on 

copper substrates were smooth and did not exhibit the extent of interfacial mixing observed 

previously on aluminium substrates. However, extruded copper substrate material features 

were observed in these samples which have been labelled surface scrubbing jets in Figure 5-5 

and as a layer of copper material approximately 50 nm thick at the splat-substrate interface in 

the TEM cross-sectioned sample in Figure 5-6. They are formed at the interface during 

particle impact and are evident as compression waves in the copper substrate material 

surrounding the sectioned splats.  

 

The line scans in Figure 5-7 and elemental maps (Appendix 5, A5-2) confirm the 

composition of the jet as Cu and show the splat-Cu jet interface and the Cu jet – Cu substrate 

interface. In addition, the three TEM-EDS line scan measurements (Figure 5-7) made with a 

spatial resolution of 4 ± 2 nm showed no evidence of diffusion. TEM diffraction patterns in 

Figure 5-8 show that the copper scrubbing jet has a different crystal orientation [112] than the 

copper substrate [001] supporting the observation that the copper layer adjacent to the 

interface has plastically deformed. This type of interfacial jet parallel to the interface known 

as a surface scrubbing jet, is considered as a criterion for successful bonding [see Section 

2.4.1 for more details].  
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Figure 5-5: Cross sectional FIB image of NiCr splats embedded in copper substrates. These 
images show the formation of a plastically deformed surface scrubbing jet at the splat-

substrate interface. 
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Figure 5-6: Bright field TEM image at the Cu substrate – NiCr splat interface. The 
plastically deformed surface scrubbing jet is shown at the splat-substrate interface. 

Cu jet / NiCr splat 
interface 

Cu substrate NiCr splat 

Cu jet 

Cu substrate / 
Cu jet interface 



Chapter 5. Interfacial Bonding of Solid NiCr Splats 

 107 

  Line scan 1

0

100

200

300

400

500

600

700

0 100 200 300 400 500 600 700 800

distance (nm)

Y
ie

ld
 (c

ou
nt

s)

 Cu
 Ni
 Cr
 Si x5
 O x5

  

  Line scan 2

0

100

200

300

400

500

600

700

0 100 200 300 400 500 600 700 800 900

distance (nm)

Y
ie

ld
 (c

ou
nt

s)

 Cu
 Ni
 Cr
 Si x5
 O x5

  Line scan 3

0

100

200

300

400

500

600

700

0 100 200 300 400 500 600 700 800 900

distance (nm)

Y
ie

ld
 (c

ou
nt

s)

 Cu
 Ni
 Cr
 Si x5
 O x5

 
Figure 5-7: Three EDS line scans measured across the Cu substrate-Cu jet-NiCr splat 

interface. All three line scans indicate an approximately uniform interface with no significant 
diffusion. The Si and O lines scan were multiplied by five for presentation purposes. The 
positioning of the line scans is indicated in Figure 5-8. Elemental maps were also made 

across this interface region which are shown in Appendix 5, Figure A5-2. 
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Figure 5-8: Bright field TEM image and selected area diffraction patterns at the splat-
substrate interface region. 

 
 

Table 5-1: Theoretical and measured d-spacings for the diffraction patterns in Figure 5-8. 
The corresponding indices of the diffraction patterns are listed in Appendix 5, Figure A5-3 

 

Beam diffracting vector ao                      

            
(Å) 

dtheoretical= 
a0/
(h2+k2+l2) 

(Å) 

diffraction pattern 
spacing 

(cm) 

destimated=           
WL×CL/spacing 

(Å) 

Ni [110] g1:Ni (1,-1,1) 3.523 2.034   8.33 2.05 

Cu [112] g1:Cu (1,1,1) 3.615 2.087   8.20 2.08 

Cu [112] g2:Cu (-2,2,0) 3.615 1.278 13.50 1.26 

Cu [001] g1:Cu (2,0,0) 3.615 1.808  9.38 1.82 
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5.4. Steel substrates 

Mild Steel is a harder substrate material than both copper and aluminium which results in 

relatively more NiCr splat deformation and less substrate deformation. Sectioned solid NiCr 

splats on mild steel substrates, (AS1595 NZCC-SD) are shown in Figures 5-9 and 5-10. The 

splats have deformed substantially but have remained solid during the coating process. The 

substrate showed very little signs of deformation. The interfaces of the splats investigated on 

steel substrates were relatively smooth and did not exhibit the extent of interfacial mixing 

observed previously on aluminium substrates or the surface scrubbing jets on the copper 

substrates.  

 
 
 
 

 
 
Figure 5-9: Cross sectional FIB images of a NiCr splat HVAF thermally sprayed onto a steel 

substrate. The NiCr splat has major deformation whereas the steel substrate has minor 
deformation. 

 



Chapter 5. Interfacial Bonding of Solid NiCr Splats 

 110 

 

 
 

Figure 5-10: Cross sectional SEM images of individual NiCr splats HVAF thermally sprayed 
onto a steel substrate. The NiCr splat has major deformation whereas the steel substrate has 

minor deformation. 
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5.5. Conclusions 

The interface between NiCr solid splats on metal substrates (aluminium, copper and steel) 

substrates was investigated with FIB, cross-sectional SEM and cross-sectional TEM. Solid 

splats on the different materials exhibited different amounts of deformation. Soft substrates 

predominantly have deeply penetrating splats, whereas harder substrates resist particle 

penetration, deforming splats to a large extent. 

 

In cross-section images of individual splats, it was observed that the splat-substrate interface 

was well bonded where interfacial mixing and turbulent behaviour had occurred providing 

strong mechanical bonding between the splat and the substrate. These features were generally 

found at the sides of the splat-substrate interface which exhibited strong bonding. Conversely 

smoother undisturbed interfaces were found at the bottom of the splat which exhibited 

weaker bonding and sometimes separated interfaces.  

 

For solid splats thermally sprayed on aluminium substrates, a new form of interlocking 

feature was found for the first time at the splat-substrate interface. Jets of aluminium 

substrate material were found to extend upto 100 nm from the substrate into the thermally 

sprayed NiCr particle perpendicular to the interface. For the solid and semi-molten splats 

investigated, the size of the turbulent features was found to be proportional to the splat 

diameter. This is in agreement with the amount of interfacial instability estimated by 

Reynolds number calculations. Conventionally, it is assumed that a thermally softened splat 

conforms to the roughened features/cavities of a substrate or previously deposited splats to 

form interlocking features known as keying on the micrometer scale rather than the 

nanometre scale interlocking features as observed in this study. This is the first observation 

of interfacial bonding jets in high velocity thermal spray coatings. 

 

The spray coating material needs to be able to plastically flow for mixing or turbulent 

behaviour to occur at the bonding interface. Reynolds number calculations for interfacial 

plastic flow predict interfacial instabilities that form interfacial roll-ups and vortices which 

leading to high strength interfacial bonding. This agrees well with the experimentally 

observed prerequisites of spraying with a minimum threshold of kinetic energy and having to 

use ductile materials for producing interfacial bonding and good quality coatings. This type 
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of bonding was theoretically predicted by Grujicic et al [Grujicic 2003] but is shown here for 

the first time. In addition, TEM investigations revealed high angle crystal boundaries across 

the splat-substrate interface, indicating no significant chemical bonding occurred across the 

interface. The observation of interfacial formations together with no detectable evidence of 

chemical bonding across the interface suggest that mechanical interlocking is the dominant 

bonding mechanism for solid thermally sprayed splats. 
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Chapter 6. Influence of Oxide Layers on Splat 

Bonding 

In the previous chapter, it was shown that mechanical bonding is the dominant bonding 

mechanism for solid splat coatings. For mechanical bonding to occur at the bonding 

interface, the spray coating material needs to be ductile and able to plastically flow. At room 

temperatures and pressures, oxides are brittle and do not plastically flow. In general, oxides 

need to be molten to bond (see Appendix A6 for more discussion and measurements of 

molten splats).  It is therefore of interest to investigate the role the substrate surface oxide 

layer plays in splat–substrate bonding in high velocity thermal spray coatings. It has been 

shown that thermally sprayed solid splats do not mechanically bond to ceramics or oxide 

materials and need to be molten for chemical or diffusion bonding to occur. Hence, this 

chapter investigates how a substrate’s surface oxide layer influences splat-substrate bonding 

for both solid and semi-molten splats. Oxidised aluminium substrates were prepared and 

thermally sprayed with NiCr particles using the HVAF technique to investigate what happens 

to a surface oxide during particle impacts.  

 

6.1. Introduction 

The role of the surface oxide on interfacial bonding of solid splats in high velocity thermal 

spray coatings has been discussed by several researchers in the field [Van Steenkiste 2002, 

Grujicic 2003]. They have observed that successful solid splat bonding occurs above certain 

critical velocities. Van Steenkiste [1999] suggested that fracturing of surface oxide layers on 

the incident particle and on the substrate becomes a necessary part of coating formation and 

that the incident velocity must be sufficiently high for this to occur. Then inter-diffusion or 

metallurgical bonding occurs once the surface oxide on the substrate and on the coating 

material has been disrupted. For molten particles, the surface oxide has been shown to affect 

the spreading characteristics of the splats [Fauchais 2004]. 
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Native oxides on metal substrates and the NiCr powder are often exceptionally thin 1-30 nm 

(Chapter 3, Tables 3-9 and 3-14 respectively) This prevents them from being fully 

investigated for the role oxide layers play during the thermal spray coating process, for 

example in TEM cross-sectional studies. To study the role of the substrate surface oxide in 

detail, NiCr alloy particles were thermally sprayed using the high velocity air fuel (HVAF) 

technique onto oxidised aluminium substrates. Individual splats were investigated to search 

for alterations in the oxide layer after impact and how they affect interfacial bonding.  

 

6.2. Experimental  

Hydrothermal and electrochemical oxide pre-treatments were used for growing oxides on 

polished aluminium substrates. [S. Lopez et al., 1998. S. Wernick et al, 1987]. The 

electrochemical method gives a porous oxide, the other a sealed oxide. The method of 

preparation of each is as follows: 

1. Hydrothermally grown oxide layer on an aluminium substrate: 

a) Degrease Al: 15 second immersion in 1 M NaOH at room temperature, 

followed by rinsing in deionised water. 

b) Boil in deionised water for 4 hours. 

2. Electrochemically grown oxide layer on an aluminium substrate: 

a) Degrease Al: 15 second immersion in 1 M NaOH at room temperature, 

followed by rinsing in deionised water. 

b) Electrolyse for 25 minutes at 20V DC in 40 g l-1 H3PO4, at room temperature 

 

The oxidised aluminium substrates were sectioned by FIB milling which allows the surface 

oxide layer to be viewed and the thickness measured as shown in Figure 6-1. The acronym 

“cs” stands for cross-section. The structure of the hydrothermally grown oxide has fine pore 

holes with a smooth external surface (< 20 nm). Conversely the structure of the 

electrochemically grown oxide has larger pore holes approximately 50 nm in diameter in the 

sectioned surface, and large pore holes on the external surface 300-600 nm in diameter as 

shown in Figure 6-1a. 
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Figure 6-1.a) FIB sectioned hydrothermally grown oxidised aluminium sample with a oxide 
layer thickness of 845 ±67 nm. The oxide consists of a 600 nm AlOOH surface layer followed 
by a 244 nm interface layer. b) FIB sectioned electrochemically grown oxidised aluminium 

sample with a surface oxide layer thickness of 647 ± 13 nm composition of Al2O3. (cs) = 
cross-section. 
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The composition and elemental profiles of the oxide layers were determined by ion beam 

analysis (IBA). In particular: 

• Hydrogen profiles were measured using Elastic Recoil Detection Analysis (ERDA) 

• Oxygen profiles were measured using Nuclear Reaction Analysis (NRA) 

• Aluminium profiles were measured using Rutherford Backscattering (RBS) 

Hydrogen measurements by ERDA analysis (Appendix 6, Figure A6-1) showed that the 

hydrogen concentration profile of the hydrothermally grown oxide is depleted near the 

surface to 8% and is approximately uniform (hydrogen concentration = 16-21%) in the depth. 

Conversely, the hydrogen concentration profile of the electrochemical oxide showed that the 

hydrogen content varies between 0.8-3.6%. Oxygen measurements by NRA (Appendix 6, 

Figure A6-2) showed that the total amount of oxygen in the hydrothermally grown oxide 

layer is significantly higher compared to the electrolytically grown oxide. It was also 

observed from the elemental depth profiles by RBS (Appendix 6 Figure A6-4) that the 

hydrothermally grown oxide contains an interface layer composed of aluminium and 

aluminium hydroxide. A summary of the oxide compositions and thicknesses are shown in 

Table 6-1. 

 

Table 6-1: Summary of the oxide compositions and thicknesses determined by IBA and SEM 
 
Oxidised Al 
substrate 

Oxide thickness 
±1 std dev 

Oxide composition and 
thickness 

Density (estimated) 
 

{ratio to a fully dense oxide}  

Porosity 

Al hydrothermal 
surface oxide 

845±67 nm 
 

AlOOH surface:  
600±48 nm,  

5200±300 × 1015 at cm-2 
 

and  
 

Al + AlOOH interface:  
244±20 nm,  

1050±200 × 1015 at cm-2 

AlOOH: 3.2±0.4 g cm-3  
{93±12%} 

 
 
 
 
 

 
7±12% 

 
 

 

Al electrochem + 
surface oxide 

630±59 nm Al2O3:  
3950±200 × 1015 at cm-2 

Al2O3: 3.32±0.5 g cm-3  
{83±15%} 

 
17±15% 

 
Note: To estimate the layer thickness, density values of 9.31 × 1022 atoms cm-3 and 7.50 × 1022 atoms cm-3, were 

used for hydrothermally grown aluminium oxide and electrochemically grown aluminium oxide respectively. 
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The uncertainty of the oxide thicknesses determined from the SEM images in Figure 6-1 is 

due to the uncertainty of locating the interface due to a diffused oxide-substrate interface. 

The SEM thickness measurements and the IBA compositions were used to estimate the 

density values listed in Table 6-1. In addition, the estimates of porosity shown in Table 6-1 

were determined by comparing the estimated density with the nominal densities of fully 

dense AlOOH (3.44 g cm-3) and Al2O3 (3.985 g cm-3). Note, hydrothermally grown surface 

oxide layers have a higher density compared to electrochemically grown surface oxide layers. 

 

To study the effect of the substrate surface oxide layers, the oxidised substrates were 

thermally sprayed with commercial NiCr alloy powder (Ni80/Cr20, 5-45 micron) supplied 

from Sulzer Metco using the High Velocity Air Fuel (HVAF) technique [J.A. Browning 

1992]. The thermal spray gun was operated with a chamber pressure of 324 kPa (47 psi) and 

a gun-substrate spray distance of 15 cm. Individual splats were sprayed onto the oxidised 

substrates by passing the HVAF gun across the substrate at a speed of 25 cm s-1. Thermal 

spray and analytical details are given in Chapter 3. 
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6.3. Results and Discussion 

6.3.1. Hydrothermal oxide coating 

Investigation of the HVAF thermally sprayed aluminium substrate with a hydrothermal oxide 

revealed that no particle bonding had occurred. In the overview picture of the sample (Figure 

6-2) it can be seen that many particle impacts had occurred. However, higher magnification 

images of particle impacts in Figure 6-3 show that particles had not bonded to the substrate 

and that only indents remain. This is confirmed by elemental analysis of a surface region in 

Figure 6-4. 

 
 
 

 
 

Figure 6-2: A secondary electron FIB overview image of an aluminium substrate containing 
a hydrothermal oxide, thermally sprayed with NiCr particles using the HVAF technique. The 
features shown on the substrate surface are impact craters (“indents”) where particles had 
impacted but not adhered. No bonded particles were found. This is confirmed by elemental 

analysis of a region in Figure 6-4. 
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Figure 6-3: Secondary electron FIB images of “indents” a, b and c (particle impact damage) 
on an aluminium substrate with a hydrothermal oxide, thermally sprayed with the HVAF 

technique. X-ray analysis in Figure 6-4 confirms that no particle material was found in these 
indents. 

Altered region 

Indent 
Unaltered region 

a) b) 

c) 
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Figure 6-4: Elemental analysis of an overview area of an aluminium substrate containing a 
hydrothermally grown oxide layers thermally sprayed with NiCr particles using the HVAF 

technique. No particle features of high concentration are observed in the nickel and 
chromium elemental maps. The features shown on the substrate surface are impact craters 

where particles have impacted but not adhered. No bonded NiCr particles were found. 
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6.3.2. Electrochemically grown oxide coating 

Investigation of the aluminium substrate with an electrochemical oxide layer thermally 

sprayed with the HVAF technique revealed that NiCr particles had bonded successfully. A 

variety of splat types can be observed in the overview image of the sample as shown in 

Figure 6-5. The splat types observed include: a) solid, b) semi-molten and c) molten splats as 

well as indents. Images recorded with higher magnification of indents, solid splats, semi-

molten splats and molten splats are shown in Figures 6-6, 6-7 and 6-8 respectively. The 

indent, shown in Figure 6-6 shows cracks in the brittle surface oxide layer extending radially 

outwards from the crater.  

 

 
 

Figure 6-5: A FIB secondary electron overview image of bonded NiCr splats on an 
electrochemically grown oxide, thermally sprayed with the HVAF technique. The visible 

bright features represent NiCr splats. Indents are less distinct. The NiCr bonded splats are 
much brighter than the oxidised aluminium substrate due to a significantly higher secondary 

electron yield. Examples of bonded NiCr splats are shown in Figures 6-7 and 6-8 and 
examples of indents are shown in Figure 6-6. 

Indents 

NiCr splats 
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Figure 6-6: An indent in the oxidised aluminium substrate, thermally sprayed with NiCr 
particles using the HVAF technique. The oxide was grown electrochemically. The impacting 
particle has indented the oxidised substrate. The oxide is intact at the bottom of the indent, 

but it can be seen to be fractured on the side of the indent where maximum deformation of the 
surface oxide occurred. Cracks in the brittle surface oxide extending from the crater are 

indicated.  
  

Cracks 
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Figure 6-7: A selection of solid NiCr splats thermally sprayed using the HVAF technique 
onto aluminium substrates with an electrochemically grown oxide layer. 

a) b) 

c) d) 
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Figure 6-8: Semi-molten (a and b) and molten (c and d) NiCr splats thermally sprayed using 
the HVAF technique onto aluminium substrates with an electrochemically grown oxide layer. 
 

a) b) 

d) c) 
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6.4.  Analysis and discussion  
Bonding of splats was observed on electrochemically grown oxide layers (630 nm) but not on 

hydrothermally grown oxide layers (845 nm). Several differences between the two oxidised 

substrates may account for this observation. Key differences between these two substrates 

are: 

1. Thickness: The hydrothermally grown (boiled) oxide layer is thicker (845 ± 67 nm) 

compared to the electrochemically grown oxide layer (630 ± 59 nm). The effect of the 

surface oxide on interfacial bonding in high velocity thermal spray coatings for solid 

splat coatings has been discussed by several researchers in the field [Van Steenkiste 

2002, Grujicic 2003]. Researchers have observed that successful particle bonding 

occurs above certain critical velocities. It has been suggested that fracturing of surface 

oxide layers on the incident particle and on the substrate becomes a necessary part of 

coating formation to allow inter-diffusion or metallurgical bonding to occur [Van 

Steenkiste 1999]. This suggests that based on the oxide layer thickness, the 213 nm 

thicker hydrothermally grown oxide layers (845 ± 67 nm) are a larger impediment for 

splat bonding than the electrochemically grown oxide layers (630 ± 59 nm). 

 

2. Microstructure: The electrochemical method produces a porous oxide (porosity = 17 

± 15 %), the hydrothermal method a sealed oxide (porosity = 7 ± 12 %). The 

differences in the oxide microstructure affect the hardness of the oxide. The hardness 

of the oxide affects the ability of the incident particle to fracture and penetrate the 

oxide layer to allow inter-diffusion or metallurgical bonding to occur. The low 

porosity hydrothermally grown oxide layers would therefore be more resistant to 

fracturing and penetration compared to the electrochemically grown oxide which has 

a 140 % higher porosity. 

 

3. Composition: The composition of the hydrothermally grown oxide has been 

determined to be AlOOH. Upon heating, AlOOH looses water and forms Al2O3. The 

temperature range of this transition is 440 - 1200 ºC [Li 2000]. 

4 AlOOH � 2 Al2O3 + 2 H2O  

The image in Figure 6-3c of a sectioned indent in the hydrothermally grown oxide 

layer shows a 1-2 µm thick layer on the surface of the indent. This layer may be due 
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to a loss of water during particle impact. The oxide decomposition and loss of water 

upon heating during particle impact could affect the ability of a particle to penetrate 

the oxide and bond to the metal substrate underneath. 

 

The HVAF thermally sprayed electrochemically grown oxide layer has a mixture of indents 

(18%), solid particles (40%), semi-molten (13%) and molten splats (29%). These values are 

compared with the ratios of splat types observed on other aluminium substrates (Table 6-2). 

The interesting difference between the aluminium substrate with a native oxide and the 

aluminium substrate with the electrochemically grown oxide layer is the increased percentage 

of molten splats. The percentage of splat types HVAF thermally sprayed on substrates of 

different hardnesses was investigated in Chapter 4 (“Effect of substrate”). In Chapter 4, it 

was shown that a larger amount of particle deformation and particle heating occurs in 

particles impacting on harder substrates. A higher percentage of molten splats on the oxidised 

aluminium substrate indicate that the oxide layer is significantly thick to influence 

deformation and additional heating of the particles during impact. In Figure 6-9 the relative 

percentage of molten splats for the electrochemically oxidised aluminium is consistent with a 

substrate hardness of alumina (Al2O3: 1700 MPa), whereas the percentage of solid splats is 

similar to the percentage of solid splats on aluminium substrates (Al: 338 MPa). The oxidised 

surface layer will affect the splat types differently. Solid and semi-molten particles are more 

likely to penetrate through the oxide layer and interact with the aluminium substrate whereas 

a molten droplet, or a solid particle that becomes molten during impact, spreads laterally, 

dissipating energy in a direction parallel to the substrate surface. 

 
Table 6-2. Summary of spat type percentages for various aluminium substrates 

 

Al substrate  

 

Indents   
(%) 

Solid     
(%) 

Semi-molten 
(%) 

Molten 
(%) 

Electrochemical grown oxide layer on 
an aluminium substrate 

18 40 13 29 

Polished aluminium substrate with a 
native oxide layer 

46 28 25 2 

Hydrothermally grown oxide layer on 
an aluminium substrate 

100 0 0 0 
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Figure 6-9: Splat type percentages for the electrochemically grown oxide layer are 

compared to the splat type percentages on other Al substrate materials.  
 

6.4.1. Solid splat-substrate interface  

To investigate how the substrate oxide is displaced during a solid particle impact and how it 

affects solid splat bonding, two representative individual solid splats were investigated 

(Figures 6-10..14). Sections of the two different sized solid NiCr splats (Figures 6-10 and 6-

11) show that the major effect during the NiCr particle impact is the combined deformation 

of both the surface aluminium oxide and aluminium substrate. A key finding is that the 

surface oxide is not removed during the particle impact. The oxide was present at the 

interface along the entire splat-substrate interface in four different solid splat cross-sections.  

 

Another key finding is that the oxide is thinner at the splat-substrate interfaces compared to 

the original surface oxide thickness (630 nm). In particular, the oxide is much thinner (20-

150 nm) underneath the larger 35 µm diameter splat compared to the oxide under the smaller 

15 µm diameter splat (100-300 nm). The dimensions of the splat sizes and oxide thicknesses 
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are listed in Table 6-3 showing a relationship between particle impact kinetic energy 

(pressure) and amount of compression/disturbance of the oxide.  

 

Table 6-3: Splat dimensions and oxide thicknesses for two sectioned splats. 
 

Parameter 

 

Splat 1 (Figure 6-10a) Splat 2 (Figure 6-11) 

Splat diameter (µm) 15 ± 2 35 ± 2 

Substrate penetration (µm) 4.5 ± 0.5 8 ± 0.5 

Oxide thickness under the splat (nm) 100-300 20-150 

Oxide original  thickness (nm) 500-600 500-600 

Ratio (interface oxide/as grown oxide) 20-50% 4-25% 
 

 

The splat-substrate cross-sections clearly show substrate deformation that has occurred. A 

consequence of the substrate deformation is that the surface oxide that covered a circular area 

(�r2, where r = the radius of the splat) prior to impact, is deformed with the substrate to an 

approximately semi spherical area (2�r2). Hence the impacted surface oxide is spread over an 

area twice the pre-impact area.  

 

In addition, a reduction of the oxide porosity can make a small contribution to reducing the 

oxide thickness at the interface. Estimates of the oxide density before impact (Table 6-1) 

indicate that the pre-impact electrochemical oxide has a porosity of 17±15%. Aluminium line 

scans across the interface oxide layer (Figures 6-10b and 6-14) were used to estimate relative 

density of the aluminium oxide at the splat-substrate interface. The aluminium content of the 

oxide (Al2O3) is 38±2% relative to the aluminium substrate (Al) which corresponds to 

95±5% of the nominal density for Al2O3. Hence, the porosity of the oxide at the splat-

substrate interface is estimated to be 5±5%, indicating that the oxide has reduced porosity 

and has increased its density during impact. 

 

In the elemental maps shown in Figures 6-12 and 6-13 and line scans shown in Figure 6-14, 

the splat-oxide layer interface is well defined. No evidence of the oxide diffusing into the 

NiCr splat was measured. This result compares well with the fact that no diffusion was 

observed in NiCr particles HVAF thermally sprayed onto aluminium substrates.  
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Another effect of the impact is that oxide material has been redistributed during the particle 

impact. The two representative solid splats investigated in this section show that the solids 

splats have deformed but have not penetrated the oxide. At some locations shown in Figure 

6-13, where the oxide is very thin (� 20 nm), metal-to-metal contact almost occurs. 

Elemental line scans across the interface region between the particle and the substrate shown 

in Figure 6-14 show that although the oxide has varying thicknesses along the interface, it is 

still present even in the thinnest regions.  

 

Another interesting observation from the elemental maps in Figures 6-12 and 6-13 and line 

scans in Figure 6-14, is that the Ni and Cr X-ray yields are higher at a region 10-50 nm near 

the interface and lower at other locations. Variations in the Ni and Cr intensities are 

attributed to channelling of the electron beam along a crystalline axis in the NiCr splat. 

Electron channelling X-ray spectroscopy has been utilised previously [Soeda 1999, 

Matsumura 2001, Yamamoto 2006] to gain information about localised structural changes 

and alteration within a sample. Reduced Ni and Cr X-ray intensities occur when the electron 

beam channels down the crystalline axis of a NiCr splat. Conversely, higher Ni and Cr X-ray 

intensities occur for reduced channelling, for example, due to the presence of a 10-50 nm 

amorphous layer created at the interface during the bonding process. 
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Figure 6-10a: A 15 µm diameter NiCr splat bonded to the electrochemical oxidised Al 
substrate. a) 15 µm particle, b) FIB section, c) TEM bright field image and d) a higher 

magnification image at the interface near the side of the splat. 
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Figure 6-10b: Elemental line scans across the oxide at two different locations at the splat-

substrate interface of the 15 µm diameter splat. 
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Figure 6-11: a) A FIB image of a sectioned bonded 35 µm NiCr particle on the 

electrochemical aluminium oxide and b) a higher magnification image of the interface. 
 

           
 

   
Figure 6-12: TEM image and elemental maps of a 35 µm particle bonded to the aluminium 

substrate electrochemically oxidized. This figure shows that the surface oxide was not 
removed during the particle impact and is still present at the interface.  
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Figure 6-13: TEM image and elemental maps of a splat-substrate interface region. This 
figure shows that the oxide had been redistributed during particle impact. This has resulted 

in some locations where the oxide is as thin as 20 nm to almost allow metal-to-metal contact. 
Two ‘thinned’ oxide locations are indicated. In the Ni elemental map the Ni X-ray yields are 
higher at the interface due to less electron beam channelling in an amorphous layer created 

during the bonding process. 
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Figure 6-14: a) Bright field image with the location of the line scan measurements indicated 

b) and c) elemental line scans across the splat-substrate interface in a region indicated in 
Figures 6-12 and 6-13. The images in this figure show that the oxide has varying thickness 

along the interface but is still present even in the thinnest regions (� 20 nm).There is no 
evidence of the oxide diffusing into the NiCr splat.  
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6.4.2. Molten splat-substrate interface 

Molten splats were also investigated in detail on electrochemically oxidised aluminium 

substrates to compare them with the solid splats. The molten splats imaged in Figures 6-15 

and 6-17 were sectioned using FIB milling to confirm the composition (Figure 6-16) of the 

layers observed in the sectioned molten splat cross-section. The oxide layer (shown as black 

in Figure 6-16b) has been redistributed during the particle impact. This has resulted in 

specific locations where the splat has penetrated the oxide layer to make contact with the 

aluminium metal substrate. This is in contrast to the solid splats investigated in the previous 

section 7.4.1 where the solids splats had deformed the oxide but had not penetrated the oxide.  

 

The morphology and cross-section images of this splat show significant substrate 

deformation suggesting that the splat was solid at the first moment of impact but has become 

molten during the rest of the impact deformation process. This is consistent with the earlier 

observation in Table 6-2 that NiCr splats HVAF thermally sprayed onto polished aluminium 

substrates exhibited almost no molten splats (2%) whereas the electrochemical oxidised 

aluminium substrate had 29% molten splats.  

 

The cross-section images of the substrate show significant substrate deformation. There is no 

evidence of any significant substrate melting that might have caused this effect. If the 

substrate had become molten then the substrate and/or surface oxide would have exhibited a 

morphology suggesting that molten flow had occurred at the interface. A molten splat on a 

molten substrate would exhibit a flower-shaped splat as observed by Li et al [2004]. In 

addition, if substrate/surface oxide melting had occurred then diffusion or a mixed oxide 

would be evident from the elemental maps in Figures 6-16 or 3-D reconstruction in Figure 6-

18. Hence, the observed substrate deformation is primarily due to plastic flow of the substrate 

and surface oxide layer. 
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Figure 6-15: FIB images of, a) a whole molten splat and b) a sectioned molten splat. 

a) 

b) 
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Figure 6-16: Elemental maps of the sectioned molten particle and the substrate shown in 
Figure 6-15. The images were taken using a 20 kV electron beam, at a 45º sample tilt angle 
to the sample surface. This figure shows that redistribution of the oxide has occurred during 

particle impact. This has resulted in locations where the splat has penetrated the oxide to 
allow metal-to-metal contact. 
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6.4.3. 3D reconstruction of a molten splat 

One of the powerful techniques available in the dual beam FIB, is the ability to automatically 

repeat millings and take images from successive depths within a sample. This process is 

known as “slice and view” where, for example, 100 “slice and view” images can be taken of 

a sample over a distance of up to 50 microns. The multiple “slice and view” images are used 

to produce 3D reconstructed images of various features in a sample. “Slice and views” of the 

molten splat shown in Figure 6-17 were used to create 3D reconstructions of the splat as 

shown in Figure 6-18. The 3D reconstructions of the splat, oxide, voids and substrate, 

provide a unique visual aid for investigating the shape and interaction of these features at the 

interfaces. 

 

The images shown in Figure 6-18 (views: 2, 3, 5, 6, 7 and 8) show interfacial mixing 

between the NiCr splat and the oxidised substrate. In particular, the images show that close 

contact is occurring at the centre of the splat where the impacting particle makes first contact 

and where most of the momentum is imparted to the substrate. The centre of the splat is also 

where the oxide is most disturbed and where the splat has broken through the surface oxide 

to make contact with the metal substrate underneath (views: 6, 7 and 8). Metal-to-metal 

contact between the splat and the aluminium metal substrate occurs only in regions where the 

aluminium oxide has fractured. Conversely, it is the outer regions of the splat-substrate 

interface where voids are located (views: 3 and 7). The 3D reconstruction images also show 

no significant loss of oxide at the interface which has been redistributed at the interface. 

(Figure 6-18, views: 4, 6, 7 and 8).  

 

These images confirm that molten splats can penetrate the oxide layer whereas larger solid 

splats on the same substrate investigated in the previous section (Section 7.4.1) had deformed 

but did not penetrate the surface oxide. The two molten splats investigated in this section 

(Figure 6-15 and 6-17) are smaller in size and have deformed the substrate much less than the 

two solid splats investigated (Figures 6-10 and 6-11). From this observation, it is concluded 

that penetration of the oxide by the smaller molten splats was aided by the additional heat of 

the molten splats rather than just physical deformation of the substrate and the surface oxide. 

A possible mechanism for this conclusion is from the extra stress of additional heat causing 

thermal expansion of the oxide combined with the impact pressure which tries to reduce the 
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oxide volume. Hence the additional heat of a molten splat causes additional stress on the 

interfacial oxide leading to cracking. In addition, a second possible mechanism is that the 

heat could alter the microstructure of the oxide at the interface, introducing weaknesses that 

lead to the observed oxide penetration. 

 

 
 

 
 

Figure 6-17: SEM image of a molten splat. The splat has significantly indented the oxidised 
aluminium substrate. This splat is investigated in more detail in Figure 6-18 to reveal 

interfacial features from a 3D reconstruction of the splat.  
 

 

In Figure 6-18, four different features are imaged in the 3D reconstructions:  

1. NiCr Splat (red) 

2. Aluminium oxide (purple) 

3. Voids (light blue) 

4. Aluminium substrate (grey) 
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View 1 - Whole splat includes the oxide and substrate. This view is similar to the SEM 

image in Figure 6-17. The shading emphasises the indentation into the substrate. 

View 2 - Underside of the NiCr splat shows the turbulent interface. These interfacial 

interlocking features provide the mechanical bonding between the splat and the 

substrate. The interfacial turbulent features are concentrated more in the centre of 

the splat. 

View 3 - Similar view underneath the NiCr splat as View 2 but includes interfacial voids. 

The voids represent locations where the splat and substrate are separated from each 

other. The voids occur predominantly near the outer perimeter of the splat.  

View 4 - NiCr splat and aluminium oxide underside. It shows that the NiCr splat is present 

where the oxide has broken.  

View 5 - Similar view as View 4 but with Al oxide rendered semi-transparent. This view is 

of the NiCr splat, aluminium oxide underside plus voids. At locations where the 

oxide has fractured, the NiCr splat material is bright red whereas NiCr splat under 

oxide material is a lighter red. It shows that the NiCr splat is in the broken cracks 

rather that the voids. 

View 6 - Top view of the aluminium oxide layer and aluminium substrate. The NiCr splat 

and voids have been removed. This view shows the extent of the deformation and 

fracturing to the aluminium oxide which exposes the aluminium substrate 

underneath. 

View 7 - Similar as View 6 but showing the voids as well. Similar to view 5, this view 

shows that the voids do not occur at location where the oxide has fractured. 

View 8  - Cross-section view of the NiCr splat, voids, aluminium oxide and aluminium 

substrate shows how contact between splat and substrate occurs. It confirms that 

NiCr splat material has penetrated the aluminium oxide at locations where the oxide 

has fractured to make metal-to-metal contact with the aluminium substrate. 
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View 1 - The splat, oxide and substrate     View 2 - The underside of the NiCr splat 

   
View 3 -The underside of the splat plus the voids View 4 -The Al oxide underside with splat 

             -shows amount of contact of splat to substrate 

   
View 5 -Same but with Al oxide rendered transparent View 6 - Al oxide layer  

            - shows fracturing and deformation 

   
View 7- same as 6 but showing the voids as well View 8 - rendering with cutaway.  

- Shows contact between splat and substrate 
 
 
 
 

Figure 6-18: 3D reconstructed images: Overview. 

Colour key: NiCr splat –crimson, Al oxide – purple, Voids - light blue, Al substrate - grey 
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6.5. Conclusions 
 
No bonding occurred on the thickest aluminium oxy-hydroxide oxide layer (845 nm), 

whereas bonding did occur on a 630 nm alumina layer grown on an aluminium substrate. 

Cross-sections of bonded solid splats show that the oxide had been redistributed during the 

particle impact. This has resulted in some locations where the oxide is as thin as 20 nm to 

almost allow metal-to-metal contact, still being present even in the thinnest regions. Cross-

section measurements of bonded molten particles show that the oxide has separated in several 

locations allowing metal to metal contact to occur. Hence, penetration of the oxide was aided 

by the additional heat of the molten splats rather than just physical deformation of the 

substrate and the surface oxide. 

 

FIB “slice and view” images plus 3D reconstructions of the interfacial oxide show that no 

significant loss of oxide occurred from the substrate or diffusion of the oxide into the NiCr 

particle. The total amount of oxide remains at the interface between the particle and the 

substrate. During the coating process the oxide is redistributed over a larger surface area due 

to the plastic deformation of the substrate, allowing small scale redistribution and penetration 

of the oxide material by a molten splat allowing metal to metal bonding to occur.  

 

These results show that successful bonding occurs only when the surface oxide is disturbed 

in the case of solid splats or disrupted in the case of molten splats.  
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Chapter 7. Conclusions 

7.1. Introduction  

Mechanical interlocking and chemical bonding are the two main bonding mechanisms 

proposed for thermal spray coatings [Grujicic 2003, Dykhuizen 1999, Van Steenkiste 1999, 

Dallaire 1982]. Evidence of chemical bonding has been found by other researchers in thermal 

spray coatings where the feedstock material becomes molten or semi-molten during the 

coating process. However, it remains unclear which bonding mechanisms are dominant when 

the feedstock remains solid during HVAF or cold spray coating processes. Alteration of the 

particle structure and composition during the thermal spraying process was investigated in 

this study with the aim of understanding the bonding mechanisms present in solid splat 

coatings thermally sprayed using high velocity techniques such as HVAF thermal spray. 

 

7.2. Characterisation of powder and coating  

An important question is to determine if the particle structure and composition are changed 

during the thermal spraying process. For HVAF thermal coatings of NiCr on aluminium it 

was found that:  

(i) No oxide growth occurred in the coating structure either at the surface or in the 

bulk of the coating.  

(ii) The particles remained intact and the composition of the powder particles 

remained unchanged during the coating process despite the high velocity 

application. 

(iii) The native oxide on the Ni80/Cr20 particle surface was found to be 10 nm thick 

and composed of a NixCrySiz oxide phase. Silicon was found to be enriched in the 

surface region and occurred with trace quantities in the bulk NiCr particle matrix. 

During the manufacturing process silicon is added as a deoxidiser and to modify 

the viscosity of the molten metal during the atomisation manufacturing process. In 

the raw powder it was found using resonant nuclear reaction analysis (rNRA), that 

the first 10 nm at the surface is enriched in both Cr and Si. Enrichment of Cr at 
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the surface to form chromium oxide is part of the protective design of the “super” 

alloys that contain Cr which allow the coatings to resist oxidation and corrosion. 

The silicon has been incorporated into the NiCr alloy and has diffused to the 

particle surface along with Cr to form a chromium rich oxide during the formation 

of the NiCr powder. The raw NiCr powder and the solid splat NiCr coatings were 

found to have similar elemental composition which suggests that the composition 

is unaltered during the HVAF coating process. 

 

7.3. Effect of substrate hardness on splat formation  

NiCr alloy particles were thermally sprayed onto a variety of substrate materials using the 

high velocity air fuel (HVAF) technique. It was found that solid splats predominantly 

penetrated deeply into soft substrates, whereas harder substrates resisted particle penetration 

and exhibited a higher percentage of molten splats. The observed correlation between molten 

splats and substrate hardness agreed well with a model that included conversion of particle 

kinetic energy into heat depending on the amount of plastic deformation due to substrate 

hardness. In the process of plastic deformation, a portion of the particle’s kinetic energy is 

converted into heat and strain energy which melts previously solid particles with 

temperatures sufficiently close to the melting point. 

 

7.4. Interfacial bonding of solid NiCr splats  

Solid NiCr splat interfaces with aluminium and copper substrates were investigated with FIB, 

cross-sectional SEM and cross-sectional TEM. Interlocking features were found at the splat-

substrate interfaces. For example, vortices of aluminium were found to extend 100 - 1000 nm 

from the substrate into thermally sprayed NiCr particles. The size of the turbulent features is 

proportional to the splat diameter in agreement with the amount of interfacial instability 

estimated by Reynolds number calculations. 

 

For mixing or turbulent behaviour to occur, the spray coating material must flow. This fits 

well with the experimentally observed prerequisites for producing good quality coatings of 

spraying with a minimum threshold of kinetic energy and having to use ductile materials. 

Ductile materials are capable of flow and the observed minimum threshold energy implies 
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that a certain velocity is required before turbulent behaviour and bonding is achieved. This 

type of bonding was predicted by Grujicic (2004).  

 

In cross-section images of individual splats, it was observed that strong bonding occurred at 

the interface where the interface had experienced turbulent behaviour, whereas the interface 

had separated at places where no interfacial mixing had occurred. In addition, TEM 

investigations revealed high angle crystal boundaries across the splat-substrate interface 

indicating no significant chemical bonding occurred across the interface. The observation of 

interfacial formations together with no evidence of chemical bonding across the interface 

leads to the conclusion that mechanical interlocking is the dominant bonding mechanism for 

NiCr alloy particles thermally sprayed onto aluminium and copper substrates using the high 

velocity air fuel (HVAF) technique. 

 

While mechanical bonding has been shown to be the dominant bonding mechanism in high 

velocity thermal spray coatings on unheated Al substrates, diffusion and chemical bonding 

was observed in the hotter HVOF technique as well as HVAF coatings on pre-heated Al 

substrates. This occurred when NiCr powder was thermally sprayed with the hotter high 

velocity oxy fuel (HVOF) technique onto unheated aluminium substrates and when NiCr 

powder was HVAF thermally sprayed onto aluminium substrates pre-heated to 500 ºC.  

 

7.5. Effect of oxide layer during splat bonding  

The effect of the surface oxide on interfacial bonding in high velocity thermal spray coatings 

has been questioned by several researchers in the field [Van Steenkiste 2002, Grujicic 2003]. 

Researchers have observed that successful particle bonding occurs above certain critical 

velocities. It has been suggested that fracturing of surface oxide layers on the incident 

particle and on the substrate becomes a necessary part of coating formation [Van Steenkiste 

1999]. The incident velocity must be sufficiently high for this to occur. Inter-diffusion or 

metallurgical bonding occur once the surface oxide on the substrate and on the coating 

material has been disrupted.  

 

To study the role of the surface oxides in more detail, NiCr alloy particles were thermally 

sprayed using the high velocity air fuel (HVAF) technique onto aluminium substrates with  
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600-900 nm oxide layers. No bonding occurred on the 845 nm thick aluminium oxy-

hydroxide layer grown hydrothermally, whereas bonding did occur on a 630 nm aluminium 

oxide layer grown electrochemically on an aluminium substrate. Cross-sections of bonded 

solid splats show that the oxide had been redistributed during the particle impact but was still 

present even in the thinnest regions of 20 nm. However, cross-sections of bonded molten 

particles showed that the oxide had separated in several locations allowing metal to metal 

contact to occur. Hence, penetration of the oxide was aided by additional heat of the molten 

splats rather than only physical deformation of the substrate and the surface oxide. Cross-

sections of bonded particles on the electrochemical oxide substrate including 3D 

reconstructions of the interfacial oxide show no significant loss of oxide from the substrate or 

diffusion of the oxide into the NiCr particle. These results strengthen the theory that 

successful bonding occurs only when the surface oxide is disturbed in the case of solid splats 

or disrupted in the case of molten splats 

 

7.6. Key Results  

• It was found that solid splats penetrated deeply into soft substrates, whereas harder 

substrates resisted particle penetration and exhibited higher percentages of molten 

splats. This is explained by conversion of particle kinetic energy into heat depending 

on the amount of plastic deformation due to substrate hardness.  

• The first observation of interfacial bonding formations were discovered in thermal 

spray coatings. This discovery together with missing evidence for chemical bonding 

across the interface indicates that mechanical interlocking is the dominant bonding 

mechanism for solid NiCr alloy splats thermally sprayed onto unheated aluminium 

and copper substrates using the high velocity air fuel (HVAF) technique. 

• It was discovered that during the coating process, the surface oxide remained present 

at the interface between the particle and the substrate. Redistribution of the oxide over 

a large surface area occurred due to plastic deformation of the substrate. Successful 

bonding occurred when small scale oxide redistribution for solid splats or penetration 

of the oxide material by molten splats is achieved. This result strengthens the theory 

that successful bonding occurs only when the surface oxide is disturbed. 
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7.7. Implications of thesis findings 

Below are a few examples of how the findings from this thesis may impact on the thermal 

spray community: 

• The finding that solid splats are bonding mechanically to substrates implies that 

chemical compatibility does not need to be considered in solid splat coatings. Also, 

solid splat bonding will be strongest for splat and substrate materials which are 

ductile with large density differences. 

• The finding that the substrate hardness can affect the final splat physical state offers 

more control to design thermal spray coatings in certain circumstances. The hardness 

of the substrate and splat materials can affect the relative percentage of molten and 

solid splats. Solid and molten splats have different microstructures and different 

bonding strengths. Hence the coating microstructure and bond strength can be 

controlled under certain circumstances by the hardness of the substrate and coating 

materials. In addition, the HVAF technique is usually used to spray ductile materials 

to form solid splat coatings. The hardness relationship finding now offers the 

possibility of coating non-ductile materials such as ceramics using HVAF by 

selecting a sufficiently hard substrate that will cause melting during impact.  

• The finding that oxides impede bonding and are not removed during the thermal 

spray process demonstrate that maximum strength coatings will be formed when the 

oxide layers on both the substrate and the coating powder are as thin as possible. 
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Appendix 1. Sample preparation methods  

A1.1. Introduction 

A variety of experimental techniques were used in this thesis for investigating thermal spray 

coatings: eg SEM, IBA, FIB and TEM. The sample preparation methods depend on: 

1. The specific sample requirements for each technique: for example, TEM samples 

need to be thin enough for electron transparency (typically < 100 nm). 

2. The specific region of interest to be investigated. In this thesis, the principal region of 

interest is a cross-section of the interface between a splat and the substrate.  

 

The two sample preparation methods that were used in this thesis are:  

1. Cross-sectional SEM sample preparation. 

2. Cross-sectional TEM sample preparation. 

  

A1.2. Cross-sectional SEM sample preparation. 

Samples viewed in the SEM need to be: 

1. Polished: In general a finer polish than the size of the smallest particle you want to 

look at is required. For thermal spray coating a 1 �m grit polish is suitable for 

observing details of sectioned splats. 

2. Conductive, so that charge from the electron beam is conducted away. Non-

conductive or oxidised samples need to be coated with a thin layer of conductive 

material such as carbon or gold to avoid sample charging during a measurement. 

The metallographic sample preparation procedure for HVAF NiCr thermal spray samples is 

as follows: 

1. The sample is sectioned as shown in Figure A1-1 where a cross-section is of interest 

using a cutting saw such as a low speed diamond saw or a band saw (Figure A1-2).  
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Figure A1-1: Diagram showing an example of where a sample is sectioned for a cross-

sectional sample. 
 

    
 

Figure A1-2: A low speed diamond saw and a band saw that were used to section samples. 
 
 

2. The sample is embedded in epoxy resin which can be mixed with a glass or quartz 

filler. The optional quartz or glass filler helps compensate for the difference in 

hardness between the soft plastic epoxy resin and the harder metals in the thermal 

spray coating. 

 
Figure A1-3: Diagram showing how a sample is positioned in an epoxy mould for cross-

sectional polishing. 

Spray coated surface 

Eventual cross-
section surface 
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mould 
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surface 
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 Figure A1-4: Polished cross-sectioned samples (37 mm and 25 mm in diameter). 
 
 

3. The samples are ground and polished using the steps outlined in the Table A1-1 

below to achieve polished cross-sections suitable for viewing in an SEM. Examples 

of cross-sectional samples are shown in Figure A1-4. The grinding and polishing 

process can remove 0.1-1.0 mm of material resulting in a cross-section 0.1-1.0 mm 

from the original sectioning location. 

 
Table A1-1: Grinding and polishing procedure for metallographic sample preparation 

 

Preparation 
method 

 

Abrasive grain size Disc 
speed 

Lubricant Time 

Rough 
Grinding 

130 µm diamond cut wheel 1600 rpm Water 
lubricant 

until saw cuts have been 
removed 

Fine 
Grinding 

9 µm Al2O3 automated 
Logitech LP30 lapping 

machine 

300 rpm  Water 
lubricant 

90-120 seconds or until 
marks from the previous 

grinding step are removed. 

Polishing 1
  

 

6 µm diamond spray on 
cloth laps using a Struers 

polishing machine 

250-300 
rpm 

Water 
lubricant 

3-4 minutes or until marks 
from the previous grinding 

step are removed 

Polishing 2
  

 

3 µm diamond spray on 
cloth laps using a Struers 

polishing machine 

250-300 
rpm 

Water 
lubricant 

1-2 minutes or until marks 
from the previous grinding 

step are removed 

Polishing 3
  

 

1 µm diamond spray on 
cloth laps using a Struers 

polishing machine 

250-300 
rpm  

Water 
lubricant 

1-2 minutes or until marks 
from the previous grinding 

step are removed 
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Figure A1-5: 130 µm diamond cut wheel for rough grinding.  
 
 

 
 

Figure A1-6: Automated Logitech LP30 lapping machine for fine grinding.  
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Figure A1-7: Struers polishing machine for polishing.  

 

 

A1.3. Cross-sectional TEM sample preparation  

Several TEM sample preparation techniques were trialled for investigating the splat-substrate 

interface of thermal spray coated samples prepared during the course of this thesis. In 

particular: 

1. Ion beam thinning 

2. Ultramicrotomy 

3. Tripod polishing 

4. FIB 
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A1.3.1 Ion Beam Thinning 

Cross-sectional TEM (XTEM) specimens are conventionally prepared by gluing pieces of the 

coatings face-to-face and manually grinding until the specimen is ~50 µm thick. A 3 mm 

diameter disk is cut from the sample, mechanically dimpled and then further thinned using a 

broad Ar+ ion beam until perforation occurs [Dorfel 1999]. This process is laborious and 

time- consuming, and the success rate is low as the electron transparent area does not always 

form in the desired region of the coating.  

 

Figure A1-8 shows an ion beam thinned TEM sample of a NiCr splat on an aluminium 

substrate. This sample was prepared by Dr. Arndt Mücklich at the Research centre 

Forschungszentrum Rossendorf, FZR, Dresdenin, Germany. With this technique, it is 

difficult to prepare a sample at a specific location and only some regions of the sample are 

electron transparent. Additionally, smearing of material occurred across the interface. 

 

 
 

Figure A1-8: An ion beam thinned TEM sample of a NiCr splat on an aluminium substrate. 
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A1.3.2 Ultramicrotomy 

Ultramicrotomy is a thin sample preparation method for light and transmission electron 

microscope observations [Quintana 1997, Hayat 1989]. By use of a very sharp knife 

(diamond or glass), extremely thin sections or 'chips' are prepared (Figure A1-9). The chip 

thickness is typically between 30 nm and 150 nm, and in order to get good sectioning results 

the sample needs to be in the solid, or preferably in the glassy state. Since the 1950s, 

ultramicrotomy has been routinely applied to soft biological materials using glass knives. 

About 20 years later the commercialisation of diamond knives allowed the use of 

ultramicrotomy to obtain sections of hard materials such as mineralised tissues [Quintana and 

Sandoz, 1978]. In materials science, the methods generally used for TEM specimen 

preparation are mechanical and ion-sputtering (ion beam milling) to produce thin samples 

rather than ultramicrotomy. However, since 1990 [Malis and Steele, 1990] there has been an 

increased interest in this method. Ultramicrotomy has been used to obtain specimens of 

oxidic films on glass [Becket and Bange, 1993], thin sections of metals [Howell et al., 1995; 

McMahon and Malis, 1995] and semiconductors [Albu-Yaron et al., 1993; Glanvill, 1995]. 

 

The advantages of ultramicrotomy over ion-milling are: no irradiation damage, no chemical 

mixing, no differential thinning rates and the ease of preparation of many serial sections with 

large, thin areas of uniform thickness in a relatively short time.  

 

To test the possibility of using ultramicrotomy as a method for cross-sectional TEM 

observation of thermal spray coated samples, an utramicrotome was utilised at the 

Microscopy and Graphics Unit, School of Biological Sciences, The University of Auckland. 

The Unit has a LKB Broma ultramicrotome for the preparation of ultrathin sections. In 

Figure A1-10, it can be seen that the thermal spray coating sample did not cut cleanly. The 

NiCr coating section was rather crumbly and exhibited severe distortion. The approximately 

0.2 mm2 sections in Figure A1-10 is around 70 nm in thickness but the coating is still quite 

opaque, however thinner sections where found to break up altogether.  
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Figure A1-9: Schematic figure of the ultramicrotome sectioning the sample. [Ericson 1997] 
 
 

    
 
Figure A1-10: Ultramicrotome sections of a NiCr coating HVAF thermal sprayed onto a Cu 

substrate. 
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A1.3.3 Tripod polishing 

This polishing method is based upon the tool known as the tripod polisher, developed in East 

Fishkill IBM (NY) [Benedict 1993] and described by Ayache [1995]. This tool defines the 

polishing plane with three points, one point is the specimen being polished, and the two 

others are Teflon legs moved by micrometers. The accuracy of this mounting is better than 

0.2 mrad in angle and 0.2 µm in position. The main body of the tripod is affixed with an L-

bracket on which the specimen is glued. The preparation of the TEM foil requires two 

polishing steps. The first step polishes the first side of a bulk specimen or a cross-section thin 

film while the second step grinds and polishes the second face of the TEM foil and ensures a 

thickness suitable for electron transparency. The polishing sequence uses successive polished 

with diamond plastic films on a rotating polisher kept under a water wash. The polishing 

grain sizes used were 30, 15, 6, 3, 1 and 0.5 µm. A final scratchless polish can be achieved 

by polishing with colloidal silica (20 nm grains) on a felt wheel. This final polishing presents 

the required optical quality. An important condition of mechanical polishing is the use of 

decreasing speed from 30 to 0.5 um. Down to 6 µm grain size, the grinder can be operated at 

the same speed. From 6 to 3 µm the speed has to be steeply decreased. From 3 to 1 µm a 

speed of less than 5-6 rpm has to be used while from 1 µm the speed must be kept under 3 

rpm. 

 

In order to be in hydrodynamic lubrification conditions, the final polishing stage with 

colloidal silica requires a faster rotation speed of the grinder. At that stage, polishing is 

performed using a rocking motion with respect to the polishing direction. Attention has to be 

paid to the polishing attack direction to protect the thinnest part for the TEM observation. 

Typically, a TEM sample section is prepared by this technique in about 10 h. 
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Figure A1-11: Scheme of sample preparation for planar view and perpendicular cross-
section. 

 
 

1. First step: The sample is cut and glued either parallel to the glass of the L-bracket of 

the tripod for planar view or perpendicular for cross-section (Figure A1-11). The 

sample is regularly monitored under the optical microscope until all scratches have 

been removed. Such continuous optical control at the different polishing steps has 

already been used for chemical thinning [Myrtle 1988]. 

 

2. Second step: At around 300 µm thickness, the specimen is turned upside down and 

glued on the tripod polisher again. In order to handle the specimen after polishing and 

to monitor progressive thinning from the edges, the second face is cut at an angle of 

about 50 mrad with respect to the first face. The thinnest region is observed with the 

TEM equipment. 

 
The second polishing face requires a specific preparation of the tripod. After removing the 

specimen from the glass support of the L-bracket, the glass of the tripod has to be 

reconditioned in order to be strictly parallel to the polishing plate before applying the angle to 

the polishing direction. This preparation is carried out on the complete tripod with the L-

bracket and without sample. This is obtained by polishing the glass support with 6 µm grain 

size down to total planarity which serves as a reference for zero tilt. An angle is obtained by 

increasing the height of the two leg micrometers opposite to the specimen. 
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Finally, the specimen is glued on the glass and ready for the second step of polishing. 

Polishing the second face uses the same sequence of operations. As an additional 

requirement, the grinder rotation speeds must be adapted to take the brittleness of ultrathin 

slices into account. The smaller the grain size, the slower the speed to be used. The thickness 

is regularly controlled by defocusing the section under the optical microscope in transmitted 

light. The occurrence of light lattice-fringe interferences on the edges of the samples is the 

key parameter for controlling the transparency of the sample to electrons. For example, 

silicon begins to transmit light in a progression of colours when thinned down to less than 

10-15 µm (001 direction), and eventually exhibits transmitted and reflected fringes. The best 

estimation for the thickness can be as good as 50 nm. 

 

Because the specimen is fragile, any direct contact with the specimen after thinning must be 

avoided. The section is unglued from the L-bracket in acetone under its own weight and 

collected on filter paper. A suitable microscopy grid (hole, slot, copper, nickel, gold, . ..) is 

glued onto the specimen under a binocular optical microscope. 

 

Ayache [1995] suggest it is sometimes necessary to adapt the criteria of measurement since 

only some materials are transparent to light. The polishing direction also seems to be 

important in the case of single crystal and thin films. Thin sections of metals are more 

difficult to obtain. They suggest to thin them down to 5 µm and to finish with an ion mill 

step. Doing so will save ion milling time and improve the quality of the preparation (surface 

roughness drastically increases with ion milling time).  

 

Tripod polishing was trialled at GNS and Industrial Research Limited (IRL) in Lower Hutt. 

The technique was demonstrated in a TEM materials sample preparation workshop held as 

part of the 2003 NZ microscopy conference in Lower Hutt. The polishing process could thin 

the samples to a few microns, but when the coating thickness went below 1-2 microns the 

splats were dislodged from the sample (Figure A1-12). 
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Figure A1-12: A tripod polished NiCr coating HVAF thermally sprayed onto an Al substrate. 
 

 

A1.3.4 FIB 

Each TEM specimen preparation technique has its advantages and disadvantages [Cairney 

2005, Giannuzzi 1999]. Many of the experimental details of the previously described TEM 

sample preparation techniques can be largely overcome with the use of a focused ion beam 

(FIB) workstation. FIB TEM specimen preparation is rapid compared to conventional 

techniques. It takes ~2–3 h to thin a TEM specimen using the FIB and large, uniformly thin 

areas are routinely prepared. The technique also allows specimens to be prepared from highly 

site-specific areas and, since the specimen is prepared from the edge of the sample, to the 

surface, it is ideal for preparation of cross-sections of coatings. Additionally, FIB may be 

used for microstructural evaluation, and to investigate the active deformation mechanisms in 

coatings. 

 

A disadvantage of the FIB technique has been that the 20 keV Ga+ ion milling beam leaves a 

20 nm amorphous layer on the each sample surface prevent high resolution imaging of  

samples. However a new method developed recently [Giannuzzi 2005] has shown that the 

amorphous layer can be reduced by using a much lower Ga+ ion beam energy of 2 keV for 

the final polishing steps. This can then produce samples for high resolution imaging. 

Splat dislocations 
“tear outs” 

NiCr coating 
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Two FIB TEM sample preparation techniques are described in this section:  

a. H-method 

b. “Lift out” method 

 

FIB H-method 
 
For the single beam FIB, the H-method described here is the method used for preparing TEM 

specimens. It involves  

• preparing a sample with the dimensions of 3 mm × 1 mm × 30 micron  

• mounting on a copper grid  

• milling an electron transparent region in the sample 

 
 
Preparing a sample 3 mm × 1 mm × 20 µm  

The sample must first be sectioned and polished to a size of 3 mm × 1 mm × 30 µm, where 

the surface of interest is on the 3 mm × 30 µm surface (Figure A1-13). The first step is to use 

a low speed diamond saw to cut a sample with approximate dimensions of 3 mm × 1 mm × 

0.5 mm (Figure A1-15). A low speed diamond saw has the advantage over other cutting 

techniques, that it: 

• Leaves smoother surfaces 

• Has less impact on the sample, distorting it less 

• Can cut thin samples 

The second step is to then polish the sample to a thickness of approximately 30 µm (Figures 

A1-15 and A1-16). The approximate thickness can be measured using an optical microscope 

(Figure A1-17). 
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Figure A1-13: A diagram showing the sample size and orientation. 

 

 
 

Figure A1-14: A low speed diamond saw is sectioning a 3 mm x 1 mm x 0.5 mm 
 

 
 

Figure A1-15: The sample is then polished to thin the sample to a thickness of approximately 
30 microns 

 
 

3 mm 

1 mm 

~30 �m 

Surface of 
interest 
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Figure A1-16: a) rough cut samples glued with crystal wax to a metal mounting block then b) 

polished to approximately 30 µm in thickness. 
 
 

 
 

Figure A1-17: Measuring the polished sample thickness in an optical microscope. 
 

 

The samples are removed from the mounting block by dissolving the glue in acetone, then 

the samples are re-glued onto a microscopy slot grid cut in half as shown in Figure A1-18 to 

allow access of the FIB milling beam to the sample surface.  

 

TEM specimens are prepared by milling two adjacent trenches so that a thin, electron 

transparent wall remains between them. The resulting thin membrane in the center of the 

trench is supported on both ends by the remaining material from the polishing process. The 

FIB milling process firstly uses rough mills by using a high beam current of ~2700 pA 

leaving an initial wall ~1 µm thick. Progressively finer mills are used to refine the cross-

section, until final polishing is done with a beam current of ~150 pA leaving a thin foil ~100 

nm thick.  

a) b) 
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Typically, a TEM sample required 2-3 hours to prepare in the FIB and analysis in the TEM 

required about 2 hours. 

 

 

 
 

Figure A1-18: Schematic diagram showing TEM specimen preparation using the H-type 
method.  

 
 

 
 

Figure A1-19: The thin 10-30 µm thick sample surface is mounted upwards. 
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Figure A1-20: The sample is “thinned” by milling out sections from each side until the 
desired thickness is achieved. The last stages of thinning need skill and experience. 

 
 
 
“lift-out” technique 
 
 
The specimen may either be pre-thinned and attached to a copper grid, prior to milling as 

described in the H-method, or the sample may be thinned and cut loose using the ion beam, 

and then subsequently plucked from the specimen and placed on a holey carbon grid using a 

micromanipulator (the “lift-out” technique).  

 

For a Lift-out sample, a similar approach is used, however the resulting thin membrane is 

then cut away with the FIB and then lifted out of the trench, while subsequently being 

mounted to a carbon coated, mesh TEM grid. This method has the major advantage that TEM 

samples can be prepared from bulk samples so that no sectioning or sample pre-treatment is 

required. 
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Appendix 2. Phase Diagrams  

A2.1. The Ni-Cr Binary System 

Nickel has a face-centred cubic (fcc) closed packed crystal structure up to its melting point at 

1455°C. Small additions of chromium to a nickel matrix can have positive effects on wetting 

and adhesion and may be useful in technical alloys. Chromium added to nickel tends to 

reduce toughness at room temperature but improve the hot hardness and hot strength. It also 

improves the corrosion and erosion resistance several times compared to pure nickel binder 

phases [Berget 1998]. 

 

Ni (fcc) forms a fcc substitution (Figure A2-1) solid solution with Cr (bcc), the Cr solubility 

limit increasing with temperature to a maximum of approximately 48 wt% at 1345ºC 

[Okamoto 2000, Pearson 1967] as shown in Figure A2-2. As the chromium percentage 

increases in this single phase region, there is a reduction in the temperature of liquid the 

phase formation. The larger size of the Cr atom relative to the Ni atom causes an expansion 

in the fcc lattice from a d-spacing of 3.532 × 10-10 m to 3.582 × 10-10 m as the Cr content 

increases from 1 to 25 wt%. Below 600 ºC Ni2Cr phase formation occurs at Cr contents of 

20-37 wt%. 

 

Ni80Cr20 is a commonly used alloy of NiCr. It has a melting point of 1360 ºC. Just below 

this melting point, there is a narrow window transition phase (of about 20 ºC) where both the 

solid and the liquid phases exist and the NiCr is in a semi-molten “slushy” state. In this 

transition phase the structure is still a Ni lattice structure. Hence, for structures that have 

melted, there is no difference in phase structure that would indicate melting had occurred. 



Appendix 2: Phase diagrams 

 174 

 

Figure A2-1: Diagram of a Face-centred cubic lattice: Fm3m, cF4 
 

 

 

Figure A2-2: The Ni-Cr equilibrium phase diagram [Nash 1991] 
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A2.2. The Al-Ni Binary System 

 

Ni forms a solid solution with up to 20 at% of Al forming a bcc structure. Compound 

structures are formed for higher percentages of aluminium in nickel. 

 

Figure A2-3: The Ni-Cr equilibrium phase diagram [Okamoto 1993] 
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Appendix 3. Experimental Equipment  

 

 

 
 

Figure A3-1: HVAF thermal spraying at Holsters Engineering in Tokoroa, New Zealand 
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Figure A3-2: FEI xP200 FIB at UNSW 
 
 

 
 

Figure A3-3: xT Nova NanoLab 200 dual beam FIB at UNSW which combines a high 
resolution focused ion beam (Ga + FIB) and a high resolution scanning electron microscope. 
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Figure A3-4: The Philips CM200 field emission gun transmission electron microscope at the 
UNSW. 
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   Figure A3-5: Three million volt accelerator and control room at GNS science. 
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Figure A3-6: General purpose IBA chamber at GNS Science. 
 
 

 
 

Figure A3-7: Microprobe chamber at GNS Science. 
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Figure A3-8: XPS: Kratos XSAM 800 at AU. 
 
 

 
 

Figure A3-9: SEM: Philips XL 30S (FEG) at AU. 
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Appendix 4. Surface Analysis Methods  

 
 
 

 
 
 

Figure A4-1: Elements in an X-ray spectrum are identified based on the energy content of the 
X-rays emitted by their electrons as these electrons transfer from a higher-energy shell to a 

lower-energy one 
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Table A4-1: List of principle X-ray energies for Z=1..38. 
 

  K X-Ray Energies (keV) L X-Ray Energies (keV) 
Element Z K�1 K�1 L�1 L�1 
Hydrogen 1     
Helium 2     
Lithium 3 0.052    
Beryllium 4 0.110    
Boron 5 0.185    
Carbon 6 0.282    
Nitrogen 7 0.392    
Oxygen 8 0.523    
Fluorine 9 0.677    
Neon 10 0.851    
Sodium 11 1.041    
Magnesium 12 1.254    
Aluminium 13 1.487    
Silicon 14 1.740    
Phosphorus 15 2.015 2.136 (6)   
Sulfur 16 2.308 2.464 (10)   
Chlorine 17 2.622 2.815 (8)   
Argon 18 2.957 3.192 (15)   
Potassium 19 3.313 3.589 (15)   
Calcium 20 3.691 4.012 (15) 0.341 0.344 
Scandium 21 4.090 4.460 (20) 0.395 0.399 
Titanium 22 4.510 4.931 (20) 0.452 0.458 
Vanadium 23 4.952 5.427 (20) 0.510 0.519 
Chromium 24 5.414 5.946 (18) 0.571 0.581 
Manganese 25 5.898 6.490 (20) 0.636 0.647 
Iron 26 6.403 7.057 (20) 0.704 0.717 
Cobalt 27 6.930 7.649 (20) 0.775 0.790 
Nickel 28 7.477 8.264 (20) 0.849 0.866 
Copper 29 8.047 8.904 (20) 0.928 0.948 
Zinc 30 8.638 9.571 (20) 1.009 1.032 
Gallium 31 9.241 10.262 (21) 1.096 1.122 
Germanium 32 9.874 10.979 (21) 1.186 1.216 
Arsenic 33 10.542 11.722 (22) 1.282 1.317 
Selenium 34 11.207 12.492 (24) 1.379 1.419 
Bromine 35 11.907 13.286 (24) 1.480 1.526 
Krypton 36 12.631 14.107 (24) 1.587 1.638 
Rubidium 37 13.373 14.956 (24) 1.694 1.752 
Strontium 38 14.140 15.830 (24) 1.806 1.872 

(*) approximate intensity relative to the principal line of the series 
 
The measured X-ray yield for each element is converted to concentrations via equation (1).  
 

Cz = Y(Z,M) / {Y1t(Z,M)*H*Q*eff*trans}     (1) 
where: 

Y1t  is the theoretical intensity or yield per micro-Coulomb of charge per unit 
concentration per steradian; 

Cz  is the actual concentration of Z in M; 
Q  is the measured beam charge 
eff  is the intrinsic efficiency of the Si(Li) detector;  
trans is the transmission through any filters or absorbers between target and detector. 
H  is just the detector solid angle in steradians. H is determined by running standards 

(preferably having a general similarity to the sample matrix). 
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Table A4-2: NRA nuclear reactions for Ed=0.920, �=150º. 
 

Reaction Q [MeV] Energy [MeV] 
12C(d,p0)13C 2.72 E(p0)=2.96 

16O(d,p0+1)17O 1.92, 1.05 E(p0)=2.38, E(p1)=1.59 
14N(d,�0+1)12C 13.57, 9.15 E(�0)=9.84, E(�1)=6.68 

28Si(d,p0)29P 6.25 E(p0)=6.67 
58Ni(d,d)58Ni {RBS} 0 E(d)=0.863 
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Figure A4-2: Cross-section for the 16O(d,p0+1)17O, reaction. 
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Figure A4-3: Stopping power and range for 2H in NiCr alloy

Ed=920 keV 
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Appendix 5. Interfacial Bonding of Solid NiCr Splats  

 
 

 
 

 
 

Figure A5-1: Secondary electron image by FIB of single splats of NiCr on; a) aluminium 
substrate, b) copper substrate and c) mild steel substrate. 
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Figure A5-2: STEM image and elemental maps of the NiCr splat and Cu substrate interface. 
There is an interfacial layer of copper approximately 50 nm thick. This copper “jet”  formed 

at the interface during the impact. The STEM image also shows the location of three line 
scans measurements in Figure 5-10 across the splat-substrate interface. 
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Diffraction pattern = Ni 110         FCC [110]  hU + kV + lW = 0 
 

   
Diffraction pattern = Cu 001         FCC [001]  hU + kV + lW = 0 
 

          
Diffraction pattern = Cu 112        FCC [112]  hU + kV + lW = 0 
 

Figure A5-3: Diffraction patterns from Figure 5-10 and their corresponding indices
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Appendix 6. Influence of Oxide Layers on Splat 

Bonding  

Table A6-1: Oxide layer thickness measurements from SEM images in Figure 7-1. 
 

Measurement Hydrothermal Oxide Measurement Electrochemical Oxide 

 Total thickness 
(nm) 

AlOOH 

(nm) 

Al2O3 

(nm) 

 Total thickness 

(nm) 

1 822 635 187 1 636 

2 788 550 238 2 645 

3 825 563 263 3 661 

4 941 651 290   

Average 845 600 244 Average 647 

Std. dev. 67 51 44 Std. dev. 13 
 
 

The composition of the oxidised substrate were characterised using IBA. The methodology 

of these IBA techniques is described in Chapter 3. The IBA measurements were made using 

the experimental conditions shown in Table A6-2. 

Table A6-2: IBA experimental conditions. 
 ERDA NRA RBS 
Ion beam:       4He+ 2H+ 4He+ 
Particle energy: 2.5 MeV 0.920 MeV          2.5 MeV 
Total charge: 20 �C 10 �C 5 �C 
Sample tilt angle: 70º 0º 0º 
Detector angle: 30º 150º 165º 
Detector filter: 10 �m of Mylar 10 �m of mylar None 
Detector collimator: diameter = 1.5 mm none  diameter = 1.0 mm 
SBD detector area:  50 mm2 300 mm2 50 mm2 

 

The oxidised substrates were sectioned by FIB milling which allows the oxide layer to be 

viewed and the thickness measured as shown in Figures 7-2 and 7-3. The measurements 

indicated in the figures are tilt corrected (“cs” = cross-section).  
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Figure A6-1 shows ERDA spectra and their corresponding simulated spectra calculated from 

SIMNRA software [Mayer 1999], of the two types of oxidised substrates and a mylar film. 

By simulating the spectra, the depth profile of hydrogen in the each sample was determined. 

The depth scale was calibrated using an ERDA spectrum from a sample with a surface layer 

of hydrogen of known thickness. The PESA spectra and simulations in Figure A6-1 show 

that the hydrothermally grown oxide has a major hydrogen component. The simulation of the 

hydrothermal oxide PESA spectra in Table A6-3 reveal that the hydrogen concentration 

profile is depleted near the surface and approximately uniform in the depth. Conversely, the 

PESA spectra (Figure A6-1) and simulated concentration profiles (Table A6-4) of the 

electrochemical oxide show that the hydrogen content is a minor component and is 

approximately uniform in composition.  

 

The oxygen content on the oxidised substrates was measured via NRA. The peaks in the 

spectra correspond to the nuclear reactions: 16O(d,p1)17O (dσ/dΩ = 4.6 mb sr-1), 16O(d,p0)17O 

(dσ/dΩ = 0.6 mb sr-1) and 12C(d,p0)13C (dσ/dΩ = 55 mb sr-1). The spectra in Figure A6-2 

show that the hydrothermally grown oxide layer contains more total oxygen than the 

electrolytically grown oxide.  

 

Figure A6-3 shows the RBS spectra, together with simulated spectra that were made with 

RUMP [Doolittle 1985] software in order to extract concentration profiles of the oxide 

layers. Depth profiles extracted from RBS spectra using RUMP are plotted in Figure A6-4. 

The elemental depth profiles shown in Tables A6-3 and A6-4 were derived by simulating 

both the PESA and RBS spectra of each sample. The elemental depth profiles based on 5-6 

layers were determined by comparing simulated spectra with the experimental spectra. The 

simulations using these profiles are a good fit with experimental spectra as shown in Figures 

A6-1 and A6-3. The elemental depth profiles and the SEM images of the oxide layer cross-

sections (Figure A6-2), reveal features of the oxide layers. In particular: 

1. There are elemental concentration depth profiles in the region around the oxide-

substrate interfaces. The elemental depth profiles are visible in the SEM pictures of 

the oxide cross-sections as a darkened region at the oxide-aluminium substrate 

interface. 

2. The oxides are approximately uniform in composition near the surface.  
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3. The hydrothermal oxide has an additional oxide concentration profile extending into 

the aluminium substrate further than the hydrogen concentration profile.  

A summary of the oxide compositions and thicknesses are shown in Table A6-5. 

 
Table A6-3: The elemental profile derived for the hydrothermally grown oxide. 

 
layer Al O H Thickness 

(1015 atoms cm-2) 
Thickness[1] 

(nm) 
1 30.0% 62.0% 8.0% 850 91 
2 30.0% 53.5% 16.5% 2000 215 
3 30.0% 51.0% 19.0% 700 75 
4 30.0% 49.0% 21.0% 1650 177 
5 48.0% 40.0% 12.0% 1050 112 
6 100.0%   Bulk Bulk 

 
 

Table A6-4: The elemental profile derived for the electrochemically grown oxide. 
 

Layer Al O H Thickness 
(1015 atoms cm-2) 

Thickness[1] 
(nm) 

1 40.0% 58.5% 1.5% 700 93 
2 40.0% 56.4% 3.6% 850 113 
3 40.0% 57.7% 2.3% 1300 173 
4 40.0% 58.5% 1.5% 1100 147 
5 99.2%  0.8% Bulk bulk 

 
Note[1]: To make an approximate estimate of layer thicknesses, densities of 9.31 × 1022 atoms cm-3 

and 7.50 × 1022 atoms cm-3, were used for the hydrothermally grown aluminium oxide and the 

electrochemically grown aluminium oxide respectively. 

 
Table A6-5: Summary of the oxide compositions and thicknesses determined by IBA and SEM 
 
Oxidised Al 
sample 

Oxide thickness 
±1 std dev 

Oxide composition and 
thickness (at cm-2) 

Density (estimated: g cm-3) 
 

{ratio to a fully dense oxide}  

Porosity 

Al hydrothermal 
(boiled) 

845±67 nm 
 

AlOOH surface:  
600±48 nm, 5200 × 1015  

 
and  

 
Al + AlOOH interface:  

244±20 nm, 1050 × 1015 

AlOOH: 3.21 g cm-3 {93%} 
 
 
 
 
 

7% 
 
 

 

Al electrochem + 630±59 nm Al2O3: (100%): 3950 × 1015 Al2O3: 3.32 g cm-3 {83%} 17% 
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Figure A6-1: ERDA spectra plus SIMNRA simulations of oxidised aluminium samples and a 

mylar film. 
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Figure A6-2: NRA spectra from the oxidised substrates.  
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Figure A6-3: RBS spectra and overlayed simulations of the oxidised substrates.  
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Figure A6-4: A plot of aluminium depth profiles extracted from RBS spectra using RUMP 

software. 
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Bright field image            Pt M 
 

     
O K              Al K 
 

     
Ni K              Cr K 
  
Figure A6-5: Bright field image and elemental maps of a splat-substrate interface region for 
a NiCr splat HVAF thermally sprayed on an oxidised aluminium substrate. The oxide under 

the NiCr splat is much thinner than the undisturbed oxide layer.

500 nm 
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View 1 - The whole splat, oxide and substrate - like the SEM image 

View 2 - The underside of the NiCr splat 

View 3 - The underside of the splat plus the voids 

View 4 - The Al oxide underside with splat - shows amount of contact of splat to substrate 

View 5 - Same but with Al oxide rendered transparently 

View 6 - Al oxide layer - shows fracturing and deformation 

View 7 - Same as View 6 but showing the voids as well 

View 8 - Rendering with cutaway. Shows clearly contact of splat to the substrate



Appendix 6. Influence of Oxide Layers on Splat Bonding 

 195 

 
Figure A6-6: 3D reconstructed image: View 1. This view of the whole splat includes the 
oxide and substrate. This view is similar to the SEM image in Figure 7-23. The shading 

emphasises the indentation into the substrate. 
 
 

 
Figure A6-6: 3D reconstructed image: View 2. This view of just the underside of the NiCr 

splat shows the turbulent interface. These interfacial interlocking features provide the 
mechanical bonding between the splat and the substrate. The interfacial turbulent features 

are concentrated more in the centre of the splat.  

Colour key: 
NiCr splat -crimson 

Al oxide - purple 
Voids - light blue 
Al substrate - grey 

 

Colour key: 
NiCr splat -crimson 

Al oxide - purple 
Voids - light blue 
Al substrate - grey 
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Figure A6-6: 3D reconstructed image: View 3. This view is the same view underneath the 

NiCr splat as View 3 but includes interfacial voids. The voids represent locations where the 
splat and substrate are separated from each other. The voids occur predominantly near the 

outer perimeter of the splat.  
 

 
Figure A6-6: 3D reconstructed images: View 4. This view is of the NiCr splat and aluminium 

oxide underside. It shows that the NiCr splat is present where the oxide has broken.  

Colour key: 
NiCr splat -crimson 

Al oxide - purple 
Voids - light blue 
Al substrate - grey 

 

Colour key: 
NiCr splat -crimson 

Al oxide - purple 
Voids - light blue 
Al substrate - grey 
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Figure A6-6: 3D reconstructed image: View 5. Same as View 4 but with Al oxide rendered 
semi-transparent. This view is of the NiCr splat, aluminium oxide underside plus voids. At 

locations where the oxide has fractured, the NiCr splat material is bright red whereas NiCr 
splat under oxide material is a lighter red. It shows that the NiCr splat is in the broken 

cracks rather that the voids.  

 
Figure A6-6: 3D reconstructed image: View 6. This is a top view of the aluminium oxide 
layer and aluminium substrate. The NiCr splat and voids have been removed. This view 

shows the extent of the deformation and fracturing to the aluminium oxide which exposes the 
aluminium substrate underneath. 

Colour key: 
NiCr splat -crimson 

Al oxide - purple 
Voids - light blue 
Al substrate - grey 

 

Colour key: 
NiCr splat -crimson 

Al oxide - purple 
Voids - light blue 
Al substrate - grey 
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Figure A6-6: 3D reconstructed image: View 7. This view is the same as view 6 but showing 
the voids as well. Similar to view 5, this view shows that the voids do not occur at location 

where the oxide has fractured. 
 

 
Figure A6-6: 3D reconstructed image: View 8. This view is a cross-section view of the NiCr 
splat, voids, aluminium oxide and aluminium substrate shows how contact between splat and 
substrate occurs. It confirms that NiCr splat material has penetrated the aluminium oxide at 
locations where the oxide has fractured to make metal-to-metal contact with the aluminium 

substrate. 

Colour key: 
NiCr splat -crimson 

Al oxide - purple 
Voids - light blue 
Al substrate - grey 

 

Colour key: 
NiCr splat -crimson 

Al oxide - purple 
Voids - light blue 
Al substrate - grey 
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View 1 - The splat, oxide and substrate     View 2 - The underside of the NiCr splat 

   
View 3 -The underside of the splat plus the voids View 4 -The Al oxide underside with splat 

             -shows amount of contact of splat to substrate 

   
View 5 -Same but with Al oxide rendered transparent View 6 - Al oxide layer  

            - shows fracturing and deformation 

   
View 7- same as 6 but showing the voids as well View 8 - rendering with cutaway.  

- Shows contact between splat and substrate 
 
 
 
Figure A6-7: 3D reconstructed images: Overview. 

 

Colour key: NiCr splat –crimson, Al oxide – purple, Voids - light blue, Al substrate - grey 
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Appendix 7. Effect of Particle/Substrate Heating 

No evidence of oxidation, diffusion or chemical bonding has been observed in the HVAF 

thermal spray coating of NiCr powder onto metal substrates at room temperature. In this 

appendix, the effect of additional heating was studied using the hotter HVOF thermal spray 

process and HVAF thermal spraying onto preheated substrates. It was found that oxidation, 

diffusion and chemical bonding occurs when additional heat is applied for both NiCr powder 

thermal sprayed onto aluminium substrates via HVOF and when a substrate is preheated 

before HVAF thermal spraying. 

A7.1. Introduction  

Oxidation, diffusion and chemical bonding would be expected if sufficient additional heating 

was applied to the thermal spray process. The effect of addition heating in the thermal spray 

process was studied via two different approaches.  

1. HVOF thermal spray: The first approach was to compare NiCr splats thermally 

sprayed by the high velocity air fuel (HVAF) technique with the hotter high velocity 

oxy fuel (HVOF) technique.  

2. Preheated substrates: The second approach was to study the effect of NiCr alloy 

particles HVAF thermally sprayed onto heated aluminium substrates. This second 

approach is also important to study as substrates for industrial coating are often 

heated at the time of thermal spraying. The particle-substrate interfaces were 

investigated with focused ion beam (FIB) microscopy, cross-sectional SEM and 

cross-sectional TEM.  

Similar splat morphologies were observed on both HVOF and HVAF coatings. As well as 

indents, the three types of “splat” morphologies observed were: 

1. Solid splats. 

2. Slushy/broken/semi-molten splats.  

3. Molten (“Splash” splats and “Disc” splats). 

A description of these splat types was presented in Chapter 4. 
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A7.2. Experimental  

A7.2.1 HVOF thermal spray 

 
The HVOF samples were prepared in a similar procedure as the HVAF samples described in 

Chapter 3. Commercial NiCr alloy powder (Ni80/Cr20, 5-45 micron) supplied from Sulzer 

Metco was thermally sprayed onto unheated aluminium substrates using the High Velocity 

Oxy Fuel (HVOF) thermal spraying technique. The gun was operated with a chamber 

pressure of 2040 kPa (20.4 bar) and gun-substrate spray distance was 15-20 cm. Individual 

splat samples were achieved by passing the HVOF gun across the substrate at speeds of 2-20 

cm sec-1.  

 

 
 

Figure A7-1: Secondary electron image of a HVOF coating on an aluminium substrate 
showing a range of indents and splat morphologies. 

20 µm 

Solid splats 
Semi-molten splats 

Molten splats 

Indents 



Appendix 7.  Effect of Particle/Substrate Heating 

 202 

        

 

 

 
 

Figure A7-2: Images of typical splat morphologies on the HVOF thermally sprayed 
substrate. a) solid splat; b)semi-molten splats; c) larger molten splat with substrate 

deformation; d) smaller molten splats with minimal substrate deformation and e) indent with 
smooth surfaces 

e) Indent 

b) Semi-molten a) Solid splat 

c) Molten splat - large 

10 µm 

d) Molten splat - small 
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A7.2.2 Preheated substrates  

 
The second approach to investigate the effect of additional heating was to study the effect of 

NiCr alloy particles HVAF thermally sprayed onto preheated aluminium substrates at three 

different temperatures:  

• Aluminium unheated 

• Aluminium preheated to 340°C 

• Aluminium preheated to 500°C  

The splat morphologies and splat-substrate interfaces were investigated with focused ion 

beam (FIB) microscopy, cross-sectional SEM and cross-sectional TEM. 

 

The major difference between the HVAF coatings on heated aluminium substrates, and the 

HVAF coatings on aluminium at room temperature, is the spectacular splash splats on Al 

substrates preheated to both 340 ºC and 500 ºC. The splash splats have similar features to 

images of splashing liquid droplets where the impact of the liquid is caught in mid-action by 

a camera with a fast shutter (Chapter 2: Figure 2-14). Many of the NiCr splash splats have 

solidified as the splat has splashed during impact. In addition, many craters have a ring of 

NiCr splat on the outer rim of the crater or a solidified “splash” of NiCr beside the crater. 

Images of these splash splats can be observed in Figures A7-3, A7-5 and A7-6. To confirm 

which features are NiCr and which feature are aluminium, elemental maps were imaged of 

the splash splats and are shown in Figures A7-7 and A7-8. While the elemental maps were of 

low resolution, it is still possible to identify from the elemental maps that the “splash” and 

“rim” features are composed of NiCr rather than Al. 
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Figure A7-3: Secondary electron images of HVAF NiCr coatings on aluminium substrates: 
a) Unheated; b) 340 ºC and c) 500 ºC. 

5 µm 

 a) HVAF Al: Unheated 

 b) HVAF Al: 340 ºC 

 c) HVAF Al: 500 ºC 

5 µm 

5 µm 
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Figure A7-4: Images of typical splat morphologies on the HVAF thermally sprayed 

aluminium substrate at room temperature: a) solid splat; b)semi-molten splats; c) indent with 
smooth surfaces. 

c) Indent 

b) Semi-molten 

a) Solid splat 

HVAF Al: Unheated 
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Figure A7-5: Secondary electron images of typical splat morphologies on the HVAF 
thermally sprayed aluminium substrate preheated to 340 ºC; a) solid splat; b) semi-molten 
splat;c) molten splat – large; d) molten splat – small; and d) indent with smooth surfaces 

10 µm 

10 µm 

c) Molten splat - large d) Molten splat - small 

 a) Solid splat  b) Semi-molten 

e) Indent 

HVAF Al: 340 ºC 
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Figure A7-6: Secondary electron images of typical splat morphologies on the HVAF 
thermally sprayed aluminium substrate preheated to 500 ºC: a) solid splat; b) semi-molten 
splat; c) molten splat – large; d) molten splat – small; and d) indent with smooth surfaces. 

10 µm 

c) Molten splat - large d) Molten splat - small 

e) Indent 

 a) Solid splat  b) Semi-molten 
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Figure A7-7: SEM images and elemental maps of a splash splat on aluminium preheated to 

500 ºC. These images confirm that the bright features beside the impact craters are solidified 
“splashes” of molten NiCr splats. 
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Figure A7-8: SEM images and elemental maps of a splash splat on aluminium preheated to 

500 ºC. These images confirm that the bright features beside the impact craters are solidified 
“splashes” of molten NiCr splats. 
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Table A7-1a: Survey results of NiCr splat morphology types on aluminium substrates. 

 

 Substrate Nominal 
Vickers 

Hardness 
(MPa) 

Yield 
Strength 
(MPa) 

Solid    
Splats 

Semi-molten 
Splats 

Molten 
Splats 

Total number 
of splats 
surveyed  

Substrate 
area / splat 

(�m2) 

 HVAF, Al: 
Unheated 

338 10-35 52% 45% 3% 128 5,147 

 HVOF, Al: 
Unheated 

338 10-35 26% 44% 30% 217 2,423 

 HVAF, Al: 
340 ºC 

<338 <10-35 12% 28% 60% 130 2,735 

 HVAF, Al: 
500 ºC 

<<338 <<10-35 9% 28% 63% 87 6,848 

 
 
 

 
 
 

Table A7-1b: Survey results of splat morphology types on various substrates (a copy of Table 
4-3 for comparison purposes). 

 

Substrate Nominal 
Vickers 

Hardness 
(MPa) 

Yield 
Strength 
(MPa) 

Solid    
Splats 

 

Semi-molten 
splats 

Molten 
splats 

Total number 
of splats 
surveyed  

Surveyed 
area /splat 

(�m2) 

Aluminium 338 10-35 52% 45% 3% 128 5,147 

Titanium 588 140-250 14% 56% 31% 206 7,815 

Copper 667 54 32% 45% 23% 22 3,557 

Steel 785 120-150 17% 57% 26% 23 3,470 

Tantalum 1,422 310-380 14% 55% 31% 209 5,511 

Carbon 3,334 - 2% 17% 81% 111 2,245 

Silicon 11,082 1000-2000 3% 27% 70% 275 2,217 
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Figure A7-9: Ratio of splat types on aluminium substrates, highlighting the effect of 
additional heat applied by the HVOF technique or by preheating the aluminium substrate. 

 

 

When the percentages of splat types for additional particle or aluminium substrate heating in 

Table A7-1a are compared with the percentage of splat types on different substrate 

hardness’s in Table A7-1b, the following observations are made. The percentage of splat 

types for HVOF thermal spraying onto unheated aluminium (Hardness = 338 MPa) are 

similar to the percentage of splat types for HVAF thermal spraying onto medium hardness 

substrates such as titanium (Hardness = 588 MPa) or copper (Hardness = 667 MPa). The 

percentage of splat types for HVAF thermal spraying onto heated aluminium substrates (340 

ºC and 540 ºC) are similar to the percentage of splat types for HVAF thermal spraying onto 

the hardest substrates such as carbon (Hardness = 3,334 MPa) or silicon (Hardness = 11,082 

MPa). 
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A7.3. Splat-substrate interface investigations 

 A7.3.1 HVOF thermal spray 

 
The HVOF thermal spray coat technique is a hotter process than the HVAF process which 

can lead to oxidation, mixing and/or diffusion during the coating process. The higher 

temperature HVOF process can thermally soften the aluminium substrate, so that the larger 

molten NiCr droplets can deform the substrate during impact. Deformation of the aluminium 

substrate can be observed in the images of larger molten splats in Figure A7-2, where the 

large particles have formed craters in the substrate. Conversely, smaller molten splats did not 

deform the substrate and have generally formed disc splats on the substrate surface. 

 

To search for evidence of oxidation, mixing and diffusion processes, the splat-substrate 

interface of the HVOF coated particle was investigated using cross-sectional TEM (Figure 

A7-10). Three regions of the interface indicated in the bright field image of Figure A7-10 

were examined in greater detail in Figures A7-11, A7-12, and A7-13, which show some 

interesting features. In particular:   

a) Mechanical bonding at the interface. It was shown in an earlier chapter that mechanical 

bonding is the primary bonding mechanism for NiCr particles HVAF thermally sprayed 

onto aluminium substrates. Hence it would also be expected that mechanical bonding will 

also play a role in the bonding of NiCr particle HVOF thermally sprayed onto aluminium 

substrates. Indeed, the same mechanical bonding features are observed in HVOF 

coatings. In particular, the splat-substrate interface is generally smooth in the centre of 

the splat, whereas small scale interfacial mixing features are observed on the sides of the 

splat-substrate interface (Figures A7-10, A7-11, A7-12 and A7-13). The small scale 

interfacial mixing features observed on the sides of the splat-substrate interface appear to 

occur at location with oxide inclusions. Of special note is a jet of NiCr penetrating the 

aluminium substrate shown in Figure A7-11. This new type of mechanical bonding 

feature discovered as part of this thesis study first observed in the HVAF coatings. 

b) Oxidation: The oxygen and chromium maps in Figure A7-10 show the presence of a 

chrome oxide at the splat-substrate interface which was not observed in the HVAF 

coatings investigated previously. Most of the oxide occurs at the centre of the splat where 

there is a uniform oxide layer with a thickness of approximately 100 nm (see higher 

magnification images in Figures A7-11, A7-12 and A7-13). Conversely, the oxide layer 
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at the sides of the splat occur at interface locations that are uneven and are thinner (<50 

nm). Presumably the growth of chromium oxide at the interface occurred due to the hotter 

temperatures of the HVOF technique compared to the HVAF technique. Oxide growth 

has also been observed previously in HVOF coatings [Deshpande 2006, Ahmed 2001, 

Joshi 1991]. The composition of the oxide at the interface was investigated using TEM. 

X-ray analysis (Figures A7-13 - A7-15) showed that the oxide is rich in Cr and Si. The 

presence of silicon can not be compared with other elemental maps and lines scans of this 

appendix as silicon was not measured in the other elemental maps and line scans. The 

structure of the interface phase could not be determined by diffraction analysis as no 

crystal diffraction pattern was found. Hence, the oxide is either amorphous or very fine 

grained. The elemental maps, line scans and point data, indicate that it is a CrxSiyOz phase 

(Figures A7-13 - A7-15). It is shown earlier in Chapter 3, Section 3.8 that the raw 

Ni80Cr20 powder as supplied from the manufacturer, has a 10 nm surface native oxide of 

Cr2O3 together with 0.5-2.0 micron SiO2 inclusions. Silicon is added during the 

manufacturing process as an oxygen getter and becomes incorporated into the Ni80Cr20 

particles as separate SiO2 inclusions. It has also been shown earlier that the HVOF 

process is hot enough for oxides to grow during the coating process. The elemental maps 

of Si, Cr and O in Figure A7-15 show that the SiO2 inclusions had amalgamated into the 

splat-substrate oxide layer to form a CrSi oxide during the HVOF coating. Silicon and 

chromium are more readily oxidised than nickel, hence when the powder is heated, they 

are reacting with oxygen from the flame. Conversely, the oxide growth and the oxide 

composition observed in the HVOF coated samples were not observed in the HVAF 

coated samples.  

c) Diffusion and/or mixing: Diffusion has been observed in thermal spray processes such 

as plasma spraying where the splats become molten (see Chapter 2, Section 2.4.2. Hence 

diffusion could also occur in HVOF coating for molten splats. Indeed, diffusion is 

observed in some specific interface locations as shown in Figures A7-11 and A7-13. The 

elemental maps and lines scans show specific regions of the interface where elemental 

profiles overlap. Linescan 2 (Figure A7-13) shows that aluminium and oxygen has 

diffused into the NiCr splat. 
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Figure A7-10: Molten splat HVOF coated onto an aluminium substrate imaged by secondary 
electrons (top left image). This splat was sectioned by FIB milling and imaged in a TEM. The 

bright field picture (top right image) and elemental maps are shown. The oxygen and 
chromium maps show chromium oxide at the interface which was not observed in HVAF 

thermally sprayed samples. Three areas indicated in the bright field image were investigated 
in more detail in Figures A7-11, A7-12 and A7-13.
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Figure A7-11: Bright field image and elemental maps measured at the interface. The location 

of this scan is indicated in Figure A7-10. 
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Figure A7-12: Bright field image and elemental maps of an interface region. The location of 

this scan is indicated in Figure A7-10 
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Figure A7-13: A TEM bright field picture and elemental maps of an interface region of the 
particle shown in Figure A7-10. 
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 Figure A7-14: An X-ray spectrum of the interfacial oxide in Figure A7-13. 
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Figure A7-15: Elemental line scan across the interfacial oxide shown in Figure A7-13. 
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Figure A7-16: Bright field image showing the location of two line scans. The region of the 
image is similar to the region imaged in Figure A7-12   
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Line scan 2
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Figure A7-17: Line scans across the interface region show non uniform interfacial oxidation 

and non uniform diffusion. The locations of the line scans are indicated in Figure A7-11.  
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The two line scans across the interface in Figures A7-16 and A7-17 show different oxide 

thicknesses and compositions at different interface locations indicating that different 

processes have occurred at different locations along the interface. Line scan 1 shows a well 

defined sharp interface with a very thin 15 nm Al oxide whereas Line scan 2 shows a thick 

125 nm oxide interface with a diffusion profile at the substrate-splat interface. The oxide 

layer in Line scan 2 has 50 nm Al oxide adjacent to the Al substrate followed by a 75 nm 

oxide layer of a mixed Ni, Cr, Al oxide. The 75 nm oxide layer has overlaying elemental 

profiles of Al and O from the substrate oxide overlapping with the Ni and Cr from the splat. 

It is interesting to note that over the 75 nm oxide region, the Al and O elemental profiles are 

correlated and reduce slowly across the mixed oxide layer, whereas the Ni and Cr profiles 

reduce sharply suggesting that it is the Al oxide diffusing into the NiCr splat. The Al and O 

elemental profiles are replotted in Figure A7-18 overlayed with Fick’s 1st order exponential 

diffusion profile (Equation A7-1). Fick’s 1st order diffusion equation plotted in Figure A7-18 

uses a thermal diffusivity for NiCr (Dth) = 3.5×10-6 m2s-1, a particle diameter of 10 �m, 

velocity (v) of 670 ms-1, an interaction time of the order of (t = x/v) � 10 ns, resulting in a 

decay constant calculated to be 4Dtht = 52,000 nm-2. The splat-substrate interface occurs at 

234 nm on the distance scale and the Al concentration is equivalent to 367 counts at the 

interface.  

 

1st order Particle diffusion equation: Dtx
erface eAlAl 4/

int

2

][][ −=   (A7-1) 

Temperature dependence of the diffusion coefficient: RTEAeDD /
0

−=  (A7-2) 

1st order Thermal diffusion equation: tx
erfaceeTT Κ−= κ4/

int

2

   (A7-3) 

 

Fick’s 1st order particle diffusion equation follows an 
2xe−  relation (Equation A7-1) where as 

the observed diffusion profile reduces much more quickly and follows an xe−  relation 

(Figure A7-18). The measured Al elemental line scan was found to fit well with an 

exponential equation with a decay constant of 26.2 (R2=0.994). Fick’s 1st order equation is 

based on a constant diffusion coefficient. However the diffusion coefficient has a temperature 

dependence described in Equation A7-2. Hence the diffusion coefficient will be strongly 

influenced by the temperature profile (Equation A7-3) at the interface due to adiabatic 
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heating during the thermal spray process which will reduce the amount of diffusion below the 

amount predicted by Fick’s 1st law of diffusion (Equation A7-1).   
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Figure A7-18: Aluminium oxide diffusion into the NiCr splat at the substrate-splat interface.  
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 A7.3.2 HVAF onto preheated Al substrates  

 

In Chapter 5, investigations of HVAF coatings on unheated Al found no evidence of 

oxidation or diffusion. It was shown that mechanical bonding was the dominant bonding 

mechanism. In the previous section of this appendix (Section A7.3.1) the hotter HVOF 

technique was investigated. For HVOF coatings on aluminium substrates, oxide growth and 

diffusion was observed.  

 

In this section, the effect of additional heat is investigated by studying HVAF coatings on 

heated aluminium substrates. In particular, evidence of oxidation and diffusion is searched 

for, similar to the HVOF coatings on unheated aluminium. As described earlier, HVAF 

thermal spraying onto heated Al substrates produced a much higher percentage of molten 

splats compared to HVAF thermal spraying on unheated Al substrates. A molten NiCr splat 

(shown in Figure A7-19) HVAF coated onto an aluminium substrate heated to 500 °C was 

sectioned by FIB milling. A cross-sectional TEM specimen was prepared for TEM analysis. 

The bright field images, elemental maps and line scans from two different locations are 

shown in Figures A7-20 and A7-21.  

 

 
 
Figure A7-19: A NiCr splash splat on an aluminium substrate preheated to 500 ºC. This splat 

was investigated by cross-sectional TEM (Figure A7-20). 
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Figure A7-20: Bright field image (BF) and elemental maps of an interface region of the splat 
in Figure A7-19. The molten NiCr splat shows oxide at both the interface with the aluminium 

substrate and at the outer surface.
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Figure A7-21: Line scans across the interface region as indicated in Figure A7-20. 
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The cross-section images in Figure A7-20 show a region of two distinct overlapping layers of 

NiCr splat material on an Al substrate. Either the two layers originate from two different 

splats or two different spreading stages of the molten splat. The two distinct overlapping 

layers have some notable differences as shown in the elemental maps in Figure A7-20 and in 

the line scans in Figure A7-21. In particular, the layer of NiCr adjacent to the Al substrate 

contains 12±2% Al compared to the surface NiCr layer which has the same composition as 

the original NiCr powder. Also, oxide layers appear at each surface or interface: the splat 

outer surface has a 10 nm chrome oxide layer; the interface between the two NiCr layers has 

a 6 nm NiCrAl oxide layer; and the NiCr splat-substrate interface has a 10 nm NiCrAl oxide 

and a 10 nm aluminium oxide. Two line scans across the interface show different oxide 

thicknesses and compositions at different interface locations. Details of the features observed 

in the line scans are described in Table A7-2.  

 
Table A7-2: Features determined from the two line scans shown in Figure A7-21 

 
Line scan Distance 

from surface 
Line scan description 

Line scan 1  
 

0-115 nm 
 
 

115-135 nm 
 

>135 nm: 

The line scan transverses a region where there is one layer of NiCr: 
 
The NiCr layer has a small amount of Al uniformly spread across 
the cross-section. 
 
20 nm Al oxide  
 
Al substrate 

Line scan 2  
 

0-10 nm 
 

10-140 nm 
 
 
 

140-146 nm 
 

146-246 nm 
 

246-266nm 
 
 

>266 nm 

This line scan transverses a region where there is two NiCr layers.  
 
There is a 10 nm chrome oxide on the outer surface,  
 
The outer 130 nm NiCr layer. This NiCr layer has a reduced Cr/Ni 
concentration observed elsewhere whereas the inner NiCr layer has 
a small amount of Al uniformly across the cross-section. 
 
6 nm NiCrAl oxide at the interface between two NiCr layers.  
 
The inner 100 nm NiCr layer adjacent to the Al substrate. 
 
10 nm mixed NiCrAl oxide and a 10 nm Al oxide at the splat-
substrate interface.  
 
Al substrate 
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From the features observed above in the cross-sectional TEM images, elemental maps and 

line scans of the splat, interface and substrate in the Figures A7-19 to A7-21, it is possible to 

deduce additional processes that occurred due to the additional substrate heating. Oxidation 

and diffusion are the two main features observed in the coatings on preheated Al which were 

not observed in coatings on unheated Al. 

 

Oxidation:  

No oxide growth was observed in HVAF coatings of NiCr powder on unheated Al substrates. 

However, when NiCr powder was HVAF sprayed on heated Al substrates, three oxide 

formations were observed: 

1. Chrome oxides. 

2. Al oxides  

3. NiCrAl oxides 

In general, chrome oxides layers were observed at splat-splat boundaries and on the surface 

of the NiCr layers in certain locations. Whereas Al oxide and NiCrAl oxide layers were often 

found at the splat-substrate interface where the Al oxide is on the substrate side of the splat-

substrate interface oxide and the NiCrAl oxide on the splat side of the oxide. The observation 

of oxides at both the inner and outer surfaces of the splat implies that at least some of the 

oxides grew prior to the particle impact.  

 

It was also observed that the oxides on the surface of the splat are unevenly distributed. 

Possible causes of this include, either, a redistribution of the oxide during impact, or, an 

uneven temperature exposure, or, uneven growth of the oxide. In chapter 6 it was shown that 

localised redistribution of the oxide does occur during the particle impact. However, uneven 

temperature exposure and growth of the oxide will contribute to the uneven oxide 

distribution. The existence of NiCrAl oxides imply that mixing or diffusion of the oxide has 

occurred during impact of the splat. 
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Diffusion:  

Cross-sectional TEM investigation (Figures A7-20 to A7-21) revealed differences in the 

elemental concentrations for different NiCr splat layers. Some of the NiCr splat layers in 

contact with the Al substrate were observed to have a significant 12±2% concentration of 

uniformly distributed Al and some NiCr splat layers exhibited reduced Cr concentrations. 

This suggests that for some NiCr layers, aluminium has diffused into the NiCr matrix.  The 

reduced Cr/Ni ratio in some of the NiCr layers and the formation of Cr oxides at the surface, 

suggests that Cr out diffused to form the observed Cr oxides on the surface of the NiCr splat. 

For diffusion and oxidation to occur at some regions and not others implies that the splat 

layers have had an anisotropic temperature history. Uneven temperature exposure has 

occurred either by longer contact times at the interface while the splat was molten or by 

higher temperatures at some interface locations.  

 

A7.4. Discussion  

Main experimental features to discuss: 

1. Splashing: Melting of both the substrate and the particle material during impact, produces 

unique splash splat features where both the splat and the substrate material is splashing 

orthogonal to the substrate surface. The images in Figures A7-5 and A7-6 show that the  

splat and substrate materials solidify during the impact splash event. 

2. Oxidation: Formation of chromium oxides, aluminium oxides and mixed oxides at 

interfaces and splat surfaces.  

3. Diffusion: Heating the substrate material prior to particle impact increases the possibility 

of diffusion. No diffusion was observed previously in NiCr particles HVAF thermally 

sprayed onto unheated aluminium substrates (see Chapter 5). However, diffusion of Cr 

and Al was observed in preheated aluminium.  

 

 A7.4.1 Splashing orthogonal to the substrate surface  

A solid particle is likely to deform on impact whereas a liquid droplet will spread and may 

even splash. Splashing may occur parallel to the surface (as discussed in Chapter 2, Section 

2.3) or orthogonal to the substrate surface. For solid particles (temperature = TP) with a 

temperature below the melting point TM, (TP < TM) spreading requires a high impact velocity. 
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For molten droplets (TP > TM), the viscosity µ of the liquid phase decreases rapidly when TP 

increases according to PRT
E

e.0µµ =  where E is an activation energy and µo the viscosity at 

the melting point. Due to this effect, spreading requires much lower impact velocities and 

splashing orthogonal to the substrate (Figure 2-14) of molten droplets occurs for Sommerfeld 

parameters, K, higher than 70 [Fauchais 2004]. Impacting particles with a temperature close 

to the melting point can become molten during impact if sufficient additional heat is provided 

from particle deformation during impact. The greater incidence of molten spats and evidence 

of splashing on the preheated substrates is due to two effects: 

1. A preheated substrate will have a lower heat transfer rate than an unheated substrate. 

Heat transfer is lower for smaller temperature differences. The effect of a lower heat 

transfer rate is that more heat will be retained within the deforming particle, 

increasing the likelihood of particle melting during impact. 

2. The second effect of a preheated substrate is that the substrate itself may become 

molten during the thermal spraying or particle impact. Hence the substrate material 

may be splashed during the particle impact.  

 

A7.4.2 Interfacial bonding with oxides  

Similar interfacial chemical interactions observed in this study at the splat-substrate interface 

have also been observed in plasma spray studies [Fauchais 2004] when the oxide layer at the 

substrate surface is melted and a complex oxide is formed. For example,  

• AlxTiyOz was formed at the interface when spraying Al2O3 on Ti with excellent 

adhesion (>50 MPa) on a smooth substrate.  

• Partially stabilized zirconia chemically bonded to a 20-30 nm thick thermally grown 

oxide layer formed at the surface of a 316L stainless steel substrate preheated at 723 

ºK (450 ºC). The interface oxide layer was composed of elements coming both from 

the ceramic splat (Zr) and substrate (Cr,Fe) under the splat [Chraska 2002].  

• Alumina coatings sprayed on polished Ti-6Al-4V alloy were well bonded (36 ± 5 

MPa) whereas an alumina coating on a polished 316L substrate with a 20 nm thick 

oxide layer, peeled off during spraying. The good adhesion on polished Ti-6A1-4V is 

probably due to the melting of the TiO2 layer resulting in the formation of Al2TiO5, 

while no FexAlyCrzOw oxide can be formed with the spinel at the surface of the 316L 

substrate. [Haure 2001]. 
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 A7.4.3 Diffusion / Chemical reactions 

The influence of temperature on the bonding mechanism of plasma-sprayed coatings was 

investigated by Dallaire [1982]. When a molten particle strikes a substrate surface, it interacts 

to create either a weak or a strong bond. A strong bond can be formed with a metallurgical 

bond due to localised diffusion/alloying at the interface. If the temperature of the impinging 

particle is higher than the melting point TM of the substrate then it is possible for some of the 

substrate to become molten. In addition, the initial temperatures of both particle and substrate 

also affect the solidification of the sprayed droplet and the molten depth achieved in the bulk 

material.  

 

Even if a molten droplet melts the substrate, a metallurgical bond is not always created. For 

instance, tungsten particles melt a copper substrate without the formation of a reaction 

boundary layer because both metals are mutually insoluble. However molten particles and 

molten substrate can intermix to give a strong mechanical bond. The wetting of the substrate 

by the splat and inversely the wetting of the splat by a molten substrate are necessary 

conditions to promote a reaction between the particle and the substrate for the formation of 

inter-metallic compounds. Inter-metallic compounds which improve adhesion have been 

identified [Dallaire 1982, Kitahara 1974]. Metallurgical bonding of the boundary layer 

between the coating and the substrate is only possible when the conditions for incipient 

melting of the substrate are met. Liquid-liquid (fusion welding), liquid–solid (soldering and 

brazing) and solid-liquid (hot dip galvanising) mechanisms are used for the creation of 

metallurgical bonding. 

 

Chemical adhesion occurs when the effusivity of the sprayed material is higher than that of 

the substrate allowing a chemical reaction to occur between the molten droplet and substrate. 

For example: 

• The effect of preheating a Ni-base superalloy (IN738LC) to 673-1073 ºK (400-800 

ºC) on the coating process in the low pressure plasma spraying with CoNiCrAlY 

powder has been investigated [Honda 1985]. It was found that a higher bonding 

strength (over 72 MPa ) of coating to substrate by low pressure plasma spraying is 

derived from the diffusion zone formed adjacent to the coating surface in proportion 

to the substrate preheating temperature. 
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• Adherence is found to be good when the sprayed material melts the substrate [Alsop 

1961, Kitahara 1974]. Good adherence has been reported when: 

• Nickel, chromium, molybdenum, tantalum and tungsten are sprayed 

onto aluminium,  

• Tungsten onto iron 

• Molybdenum onto iron 

• Tantalum and tungsten onto iron. 

In contrast, poor adherences were found for: 

• Molybdenum onto chromium 

• Nickel and chromium onto iron 
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A7.5. Conclusions 

While mechanical bonding has been shown to be the dominant bonding mechanism in high 

velocity thermal spray coatings on unheated Al, oxide growth and diffusion was observed 

when additional heat was applied in the thermal spray coating process. The effect of applying 

additional heat in thermal the spray coatings was studied via two different approaches. The 

first approach was to compare NiCr splats thermally sprayed by the high velocity air fuel 

(HVAF) technique with the hotter high velocity oxy fuel (HVOF) technique. The second 

approach was to study the effect of NiCr particles HVAF thermally sprayed onto heated 

aluminium substrates.  

 

HVOF NiCr coated aluminium  

The HVOF thermal spray coat technique is a hotter process than the HVAF process which 

led to oxidation and diffusion of the aluminium substrate during the coating process. Cross-

sectional images and elemental maps showed the growth of chromium oxide at the interface 

whereas oxide growth was not observed in the HVAF coated samples earlier in this study. 

The composition of the oxide at the interface is rich in Cr, Si and O - presumably an oxide of 

Cr and Si. Silicon is added during the manufacturing process as an oxygen getter and 

becomes incorporated into the Ni80Cr20 particles as separate SiO2 inclusions. Elemental 

maps showed that the SiO2 inclusions had amalgamated into the splat-substrate oxide layer to 

form a CrSi oxide during the HVOF coating. 

 

An additional effect of the hotter HVOF process is that the aluminium substrate becomes 

thermally softened which allows the molten NiCr splat to deform the substrate during impact. 

Deformation of the aluminium substrate was mainly observed in the larger sectioned molten 

splats whereas smaller molten splats did not deform the substrate.  

 

HVAF coating on heated substrates  

A major difference between the HVAF coatings on heated aluminium substrates, and the 

HVAF coatings on unheated aluminium, is the spectacular splash splats on aluminium 

substrates heated to 340 ºC and 500 ºC. The NiCr molten splats have solidified as they 

splashed during impact. Many indents have a solidified “splash” of NiCr beside the indent 

crater or a ring of NiCr splat material on the outer rim of the indent. This is because the 
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higher temperature of the heated substrates is likely to cause the impacting particle to retain 

more heat and become molten during impact whereas the unheated substrates will absorbed 

more energy during impact and hence their splats are more likely to remain solid during 

impact. 

 

The observation that chromium oxides form on both the inner and outer surfaces of some 

splats, implies that the chromium oxides grew prior to the particle impact. It is also observed 

that the chromium oxides are unevenly distributed in some locations. Possible causes of this 

include, either, a redistribution of the oxide during impact, or, an uneven temperature 

exposure has occurred. In Chapter 6 it was shown that localised redistribution of the oxide 

does occur during the particle impact. However, uneven temperature exposure and growth of 

the oxide would also contribute to the observed uneven oxide distribution. 

 

Diffusion of aluminium (and sometimes oxygen) into NiCr splat layers in specific regions 

was observed. Cross-sectional TEM investigations revealed overlapping NiCr layers, some of 

the NiCr splat layers in contact with the Al substrate were observed to have a significant 

uniform concentration of Al and some NiCr splat layers had reduced Cr concentrations. For 

diffusion and oxidation to occur at some regions and not others implies that the splat layers 

have had an anisotropic temperature history. An uneven temperature exposure has occurred 

either by uneven heating of the impacting particle prior to impact or by uneven contact time 

at the interface during particle impact, or by uneven heating due to kinetic energy conversion 

into heat during impact. 
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Appendix 8. Publications 

Results from this thesis have been published in the following papers: 

 

1. W. J. Trompetter, A. Markwitz and M. Hyland, "Role of oxides in high velocity thermal 
spray coatings", Nuclear Instruments and Methods B190 (2002) 518-523 

2. W. J. Trompetter, A. Markwitz and M. Hyland, "Use of IBA techniques to characterize 
high velocity spray coatings", Modern Physics Letters B15 (2002) 1428 

3. W Trompetter, A Markwitz & M Hyland, “Surface composition characterisation of high 
velocity thermal spray coatings using resonant Nuclear Reaction Analysis” proceedings 
of the 13th  Nuclear and Complementary Techniques of Analysis & 8th  Vacuum Society 
of Australia Congress NTA/VSA conference, 26 – 28 November 2003, Lucas Heights, 
Sydney Australia pg 78-81. 

4. Trompetter W.J., Hyland M., Munroe P., and Markwitz A., “Evidence of Mechanical 
Interlocking of NiCr Particles Thermally Sprayed onto Al Substrates”, Journal of 
Thermal Spray Technology, Volume 14(4) December 2005 pg 524 – 529 

5. Trompetter W.J., Hyland M., Munroe P., D. McGrouther and Markwitz A., “The Effect 
of the Substrate Hardness on Particle Morphology in High Velocity Thermal Spray 
Coatings”, accepted paper for the Int. Thermal Spray Conference, Seattle 15-18th May 
2006. This paper was awarded a merit prize as one of the best papers submitted to this 
conference and was selected as one of 60 papers (from over 250) for a special issue of the 
Journal of Thermal Spray Technology, 15(4) December 2006: 663-669. 

6. Trompetter W.J., Hyland M., Munroe P., D. McGrouther and Markwitz A., “An 
investigation of surface oxides at the splat-substrate interface”, in press at the time of this 
thesis publication. 
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