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ABSTRACT 
 

Plasma spray technology has been widely employed for deposition of engineering 

coatings.  Coatings produced with customizable surface properties are used for a variety of 

industrial applications.  The coatings are formed as molten coating particles impact and 

spread out to form overlapping splats.  Thus, the performance of the coatings is closely 

linked with the way the individual splats are formed.  The layered microstructure and 

splat-substrate bonding are profoundly affected by the spraying conditions, substrate 

surface, the particle conditions, and the relative distance between the torch and the 

substrate [1-3].  This thesis explains on the effects of substrate surface conditions on splat 

formation and morphology.  

 

NiCr single splats were plasma-sprayed onto aluminum substrates, which were subjected 

to thermal and hydrothermal pretreatments to grow specific types of oxide/ hydroxide 

layers on the surface and to alter the surface roughness.  It was observed that splat 

formation and morphology were not directly correlated to the substrate surface roughness 

in both nano-scale and micro-scale (up to 2 µm), but were sensitive to surface chemistry, 

particularly the thickness and concentration of the hydroxide layer at the outermost 

surface.  Upon impact by molten droplets at high temperature, the substrate surface was 

heated, resulting in the dehydration of surface hydroxide to oxide and releasing water 

vapor.  The insulating layer of released water delayed the heat conduction from the splat 

to the substrate.  The splat was in liquid state long enough to undertake internal ruptures, 

which led to splat splashing.  Thermal treatment of the substrate prior to spraying can 

efficiently remove the water, thereby greatly improving the physical contact between the 

splat and the substrate.  The improved contact enhanced the formation of favorable disk 

splats, increased the number of splats and significantly reduced splashing and the bubble 

formation at the splat underside.       

 

Cross sections of the splat-substrate interfaces were examined.  Besides mechanical 

bonding, chemical bonding with inter-diffusion was also frequently observed.  For well-

bonded splats, there were occurrences of substrate melting and intermixing with the disk 

splats on the substrate which was heated at 350°C and kept at this temperature during 
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spraying.  In contrast, with the splats poorly adhered to the substrate, the oxide layer on 

the substrate surface was not removed or redistributed upon impact of the droplet.      

 

Three-dimensional computational models were developed using the commercial finite 

element modeling package Ansys CFX11 to simulate the impact and solidification of 

molten nickel splat on aluminum substrate.  Different values of thermal contact resistance 

ranging from 5x10-9 W-1.m2.K to 1x10-5 W-1.m2.K were examined.  Disk splats were 

formed with low values of thermal contact resistance, whereas splashing was correlated to 

high values of this parameter.  These results agreed well with experimental observations.  

Based on the correlation, the mechanism of splashing was proposed.  The effects of the 

oxide layer and gas release on the splat morphology were also examined subject of 

investigation.  However, it was found that splat morphology was not influenced by the 

simple presence of the oxide layer on the substrate surface.    
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CHAPTER 1. INTRODUCTION 
 

 

Plasma spray technology has been widely employed for deposition of engineering 

coatings.  Coatings produced by this technology can be customized to suit a great variety 

of industrial applications.  Fundamentally, the coatings are formed as molten particles of 

coating materials impact and spread out to form overlapping splats.  Thus, the 

performance of the coatings is closely linked with the way the individual splats are formed 

[1-3].  

 

The layered microstructure and splat-substrate bonding are profoundly affected by the 

conditions of the spraying process, the substrate surface and the sprayed particles.  It is 

well known that splat morphology and spreading in plasma spray are strongly dependent 

on substrate temperature and cleanliness.  Substrates heated above certain temperature, 

defined as “transition temperature”, give rise to favorable, disk-shaped splats.  In contrast, 

splats on substrates held below the transition temperature are predominantly irregular or 

splashed shaped.  Thermal treatment of the metallic substrates significantly alters both 

substrate surface chemistry and topography.  However, it has not been agreed which of 

these two changes are responsible for the splat formation and morphology.  Along with 

substantial experimental studies, three dimensional numerical models have been 

extensively developed to understand the splat spreading and solidification mechanism.  

The modeling works show that splat morphology is strongly dependent on thermal contact 

resistance which accounts for the discontinued interface between splat and substrate.  

Thermal treatment of the substrate can alter the thermal contact resistance.  The models 

developed in this study shed light on the significance of surface chemistry, which has been 

neglected by most models to date.  

 

In this research, plasma thermal spray was used to obtain single splats on aluminum 

substrates, which were subjected to thermal and hydrothermal pretreatments to grow 

specific types of oxides and hydroxides on the surface and to alter the surface roughness.  

A commercial alloy powder of NiCr with 80% of nickel and 20% of chromium, by weight, 

was employed as the primary powder due to its material properties and wide applications.  

NiCr alloy powder has a relatively high resistivity and resistance to oxidation and 



2 

corrosion at high temperature.  These properties make NiCr alloy powder highly suitable 

to applications that are subjected to oxidation at high temperature, i.e. plasma thermal 

spray.  However, due to the lack of physical property data for NiCr, which are required for 

numerical modeling, nickel powder was also plasma-sprayed to make a comparison 

between the experimental observations and simulation results.  

 

Commercial polished aluminum alloy 5052 was chosen as the substrate material in this 

research for two reasons.  Primarily, the aluminum surface chemistry is controllable and 

well studied over the last decades.  Pretreatment the aluminum substrate under various 

conditions, i.e. thermal or hydrothermal treatments, resulted in a various surface 

topography and chemistry.  Thus, aluminum is a suitable choice to investigate the relation 

between the splat morphology and the substrate surface conditions.  In addition, the 

corrosion resistance, protection against UV, lightweight and the excellent strength and 

recyclability of aluminum have enabled a vast range of application for the metals in 

aerospace, transport, food preparation, energy generation, packaging, architecture, and 

electrical transmission applications.  However, there are varieties of service environments 

where aluminum needs to be protected.  Thermal spray coating of NiCr alloy on aluminum 

substrate can improve the corrosion and oxidation resistance of the aluminum surface.    

 

The interactions of the collected single splats with the aluminum substrates were studied 

by both experiments and numerical simulation.  The overall study also included stainless 

steel substrate.  Stainless steel was used in this research due to its versatile applications in 

industry.  In addition, it was expected that the formation of passive film of chromium 

oxide on the stainless steel surface protected the metal beneath from further hydration 

when the substrates were hydrothermal-treated.  This resulted in major differences in 

oxide and hydroxide concentration and thickness between the hydrothermal-treated 

stainless steel and aluminum surfaces.  For the reason of brevity, however, the results have 

not been included in this thesis.  The relevant references will be made to other published 

works [4-10] in each topic.  The resultant understandings of the interactions taking place 

and the parameters affecting the interface between the splat and aluminum substrate will 

be presented in the following eight chapters as summarized below.  

 

The published works regarding thermal spray methods, the effects of substrate transition 

temperature on the splat morphology, aluminum surface chemistry, and numerical 
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simulation of splat formation process are reviewed and presented in Chapter 2.  The 

experimental methodologies for preparing and investigating the single splats and substrate 

surface are outlined in Chapter 3.  The characterisation of the substrate surface conditions, 

in particular the surface chemistry and topography, under designed pretreatments to grow 

specific types of oxides/ hydroxides on the substrate surface is presented in Chapter 4.  

The characterisation of the collected single splats with different treatments is discussed in 

Chapter 5.  Chapter 5 opens with a review of the observed effects of substrate transition 

temperature, substrate surface chemistry, and topography on single splat formation and 

morphology.  Examination of the splat-substrate interfaces by focused ion beam (FIB) and 

transmission electron microscope (TEM) is introduced in Chapter 6.  In this chapter, the 

bonding between the splat and the substrate, the phenomena of substrate melting and the 

mechanism of oxidation of the splats are discussed.   

 

Chapter 7 reports the outcomes of the three-dimensional computational models developed 

with Ansys CFX11.  The spreading and solidification process of a molten droplet, which 

decide splat morphology, are simulated with various values of thermal contact resistance.  

The models were examined and compared with the experimental observations from the 

current work as well as the literature.  From the experimental observations and numerical 

results, a mechanism of splat formation was proposed.  Chapter 8 summarises the thesis 

and highlights the original contributions of this work in the fields of thermal spray 

coatings.       
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CHAPTER 2. LITERATURE REVIEW 
 

 

2.1 Thermal spray processes 
 

Thermal spray is the coating technique that deposits particles of coating materials at high 

temperature on substrates.  For nearly 40 years, thermal spray has been used widely in 

numerous industry applications, ranging from gas turbine technology to electronics.  A 

range of thermal spray techniques can be used to form high performance engineering 

coatings with thickness greater than 50 micrometers on various substrates.  The coatings 

can protect the substrates against wear, corrosion, oxidation, surface fatigue, etc.  With a 

great range of applicable materials, both as the coating materials and as substrates, thermal 

spray poses lower environmental impact comparing to conventional plating processes [1-

3].   

 

Thermal spray techniques include three main steps.  Initially, the micrometer sized solid 

particles are heated, inside or outside of the spraying torch, to the semi molten or molten 

state.  The heated material is then propelled in the effluent of a flame onto the target 

substrate.  Upon impact, due to the high kinetic energy, the droplets flatten out and bond 

to the substrate surface.  The heat from the hot droplets is rapidly conveyed to the 

substrate, resulting in the cooling and rapid solidification of the droplets.  These individual 

flattened particles are called “splats”, which build up on the substrate or previously 

deposited layers to form a lamellar coating (Figure 2.1).  The materials used in thermal 

spray coating range from polymers through to ceramics, metals and their alloys.  The 

coating materials can be in the form of powders, rods, or wires, with powders being the 

most common form.  The particle sizes are usually in the range from 5 µm to 100 µm 

whereas the diameters of wires or rods are typically 1.5-6 nm.  The coatings are mostly 

applied to metallic substrates, although other materials, i.e. fiber-reinforced composites, 

can be applied [2, 11, 12].      

 

Conventional thermal spray coatings function for broad range of applications, however, 

they can not be used for deposition of nano-sized powders, in particular ceramic materials, 

due to their low flowability.  One possible method to process the nano-sized particles is 
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the use of suspension or liquid spraying, which has been extensively investigated and 

developed during the last decade, to produce coatings having fine microstructures or nano-

structures.  In this case, the feedstock can be delivered as liquid of inorganic salts, 

metallo-organic precursors, or as suspensions of fine nanometric/ submicrometric solids in 

water or alcohol.  This resulted in the formation of smooth nano-structure coating with 

better mechanical and electrical properties than the coating spraying from powders [3].   

  

Thermal spray processes are typically grouped into four major categories: combustion 

spray, electric arc spray, cold spray, and plasma arc spray based on the primary heat 

source [2].  The characteristics of some important processes are summarized in Table 2-1.    

 

 
Figure 2.1. Schematic of thermal spray coating process [13].  

 

2.1.1 Combustion spray processes 

 

Combustion spraying processes are divided into three subgroups: flame spraying, 

detonation spraying, and high velocity processes.  In the flame spraying process, the heat 

from the combustion of a fuel gas (acetylene or propane) with oxygen is used to melt the 

feedstock material in wire, rod or powder form.  The feedstock material is then carried by 

the flame and air jets to the work piece to form the coating.  In flame spraying of powder, 

the particle temperature is up to 2,500ºC, but their velocity is relatively low (< 100 m.s-1), 

resulting in low bond strength and high porosity of the deposit [2]. 
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Detonation spraying makes use of the charge from the internal combustion of acetylene, 

oxygen and powders in a combustion chamber which is ignited by a spark plug.  The heat 

of combustion heated the powder particles to a plastic state.  Then, the detonation 

produces a high velocity wave front which accelerated and propelled the particles towards 

the substrate.  There are from one to 15 detonations per second with pulsed purges of 

nitrogen after each detonation.  Detonation spraying operates at the velocity between 750 

and 1,000 m.s-1 and at temperatures up to 5,200ºC [2, 3].  The high kinetic energy of the 

hot powder particles on impact with the substrate results in the build-up with very high 

bond strength, high density, as well as low oxide contents.  

 

Recent developments concentrated on high velocity processes to improve the bonding 

strength of coatings.  High velocity processes are further subdivided into high velocity 

oxygen-fuel (HVOF) and high velocity air-fuel (HVAF) flame spraying.  In an HVOF 

process, fuel gas (such as acetylene, propane, or hydrogen) or liquid (such as kerosene) is 

burnt with oxygen at high pressure and creates a very high velocity exhaust jet which 

propels the particles to the substrate.  The working principle of HVOF is quite similar to 

that of detonation spraying, except the former has a continuous combustion whilst it is 

repetitive for the latter.  The powder is fed in to the combustion jet which operates at the 

temperatures from 2,500ºC to 5,300ºC.  The velocity of the particle ranges from 200 to 

1,000 m.s-1 [2].  The coating formed has low porosity and high bond strength.  The very 

high kinetic energy of particles striking the substrate surface does not require the particles 

to be fully molten to form high quality HVOF coatings.  Lower particle temperature, 

compared to plasma spray, reduced the degree of oxidation of the particle during the 

flight.  Typical features of HVOF gun is shown in Figure 2.2. 
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Figure 2.2. Schematic of a typical HVOF system [2].  

 

HVAF spraying technique is modified from HVOF technique.  In the HVAF system, 

compressed air is used instead of compressed oxygen as in the HVOF system.  This 

substitution can significantly reduce operating costs.  The flame temperature in HVAF 

process is much lower than that in HVOF process, leading to a lower degree of oxidation 

in HVAF coatings [14].  

 

2.1.2 Electric arc spraying  

 

High velocity processes have been used widely, but the adhesion of the coating in some 

cases is unsatisfactory due to the low temperature of the particles on impact.  In those 

cases, electric arc spraying is a good alternative.  In this technique, an electric arc is 

maintained between two wire electrodes made up of the spray material.  The arced gas 

(usually air) atomises the molten spray material into fine particles and propels them 

towards a substrate.  The spray materials can be metals, alloys or metal matrix composites 

in wire form.  Temperature in the arc can be up to 6,000ºC and particle velocity can reach 

up to 150 m.s-1.  Electric arc spray has been particularly used in civil structures such as 

steel structures, bridges and storage tanks.  However, the drawback of electric arc spray 

process is the formation of the coating with high porosity and high oxide contents [3].        

 

2.1.3 Cold spray 

 

Cold spraying or kinetic spraying is a process in which powder feedstock is driven by a 

compressed gas (nitrogen or helium) without being melted or softened prior to 

impingement to the substrate.  After reaching a convergent-divergent nozzle, the 
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compressed gas expands to reach an ultra high velocity up to 1,500 m.s-1.  The powder 

particles are injected into the nozzle and accelerated to high velocity.  This velocity 

facilitates a surge in local temperature on impact, when the particles’ kinetic energy is 

converted to thermal and strain energy.  The local temperature is sufficiently high so that 

material can form a dense coating.  The maximum temperature of the particles in this 

technique is 750ºC, being the lowest of all spray methods.  As a result, the technique 

produces coatings with low oxide content, good bonding, low porosity, low thermal stress 

and unchanged phase [2].  Low temperatures also aid in retaining the original powder 

chemistry and phases in the coating, with only changes due to deformation and cold 

working.  However, cold spraying technique can only be used for ductile materials such as 

aluminum, stainless steel, copper, titanium and alloys.  Hard and brittle materials like 

ceramics can not be sprayed in the pure form, but may be applied as composites with a 

ductile matrix phase [2, 3]. 

 

 
Figure 2.3. Schematic of a typical cold-spray system [15].  

 

2.1.4 Plasma spraying 

 

Plasma spraying is a process in which feedstock material are deposited in a molten state or 

in semi-molten state onto a substrate to form a coating.  Although a large number of 

designs of plasma gun have been developed, direct current (DC) plasma gun and radio-

frequency inductively coupled plasma (RF-ICP) are the most widely used in plasma 

thermal spray coatings [2, 3].  

 

The first DC plasma gun was introduced in the 1960s.  A schematic of a DC plasma gun is 

shown in Figure 2.4a.  An arc between an electrode and the spray nozzle acts as a heat 

source ionizing the pressurized inert gas to form a plasma jet. Powdered particles, 

suspended in a carrier gas, are injected onto the plasma jet, where they are accelerated and 
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heated to a molten or semi-molten state.  These droplets then project onto the target 

substrate, flatten out and solidify to form splats.  Over repeated passes, a thick coating is 

formed.  Temperatures of the jet range from 6,000ºC  to 15,000ºC and its velocity are 

between 600 m.s-1 and 2,300 m.s-1 [2, 3].   

 

In the 1980s, the RF gun was developed.  A RF plasma gun is illustrated in Figure 2.4b.  

In the RF gun, an induction coil is used to produce an oscillating field in a reactor tube, 

which heats the plasma arc gas stream.  The frequency ranges from 450 kHz to 4 MHz 

depending on the tube size and RF power.  Powder materials are injected within the 

plasma through the injector positioned at the middle of the coil.  The main differences 

between RF and DC gun are the gun internal diameter and the direction of particle 

injection.  The particle injection is axial in the case of RF gun whilst radial in the case of 

DC gun.  The internal diameter of RF gun is significant larger than that of DC gun.  

Because the gas velocity is inversely proportional to the square of the gun diameter, 

plasma gas velocity in the RF gun is significantly lower than that in the DC gun.  It was 

reported that plasma gas velocity in RF gun is below 100 m.s-1.  Corresponding to the 

particle velocity of below 60 m.s-1.  Therefore, RF gun is normally used to spray large 

particles up to 200 µm where longer residence time is needed to melt the particles [16].  

However, RF gun works in a controlled atmosphere with a pressure of a few tens of 

kilopascals which cost much higher than DC gun.  As a result, more than 90% of plasma 

spray in industry used DC gun [16, 17].   

 

Plasma spraying is done at much higher temperatures than combustion processes.  This 

results in denser and stronger coatings.  In addition, plasma spraying can be applied for 

materials with very high melting point such as tungsten, molybdenum, alumina, and 

zirconia.  Plasma spray coatings probably account for the widest range of coatings and 

applications and make this process the most versatile [2, 3].  However, the drawbacks of 

plasma spray process are relative high cost and complexity of process.  The chemistry of 

coating materials and substrates is also subject to significant changes during the process. 
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Figure 2.4. A schematic of the (a) DC plasma spray gun, and (b) RF plasma gun 

(Teckna PL50) [2].  

 

Gas temperature and velocity in plasma jets strongly depends on plasma gas composition.  

Argon, hydrogen, helium, and nitrogen have been used as plasma gas.  Argon, an inert gas 

to all spray materials, is the most favorable plasma gas to stabilize the arc inside the 

nozzle.  However, argon’s thermal conductivity is relatively low, which retards heat 

transfer to the injected powders.  Thus argon is usually used in a mixture with hydrogen, 

helium and nitrogen to increase heat transfer.  Nitrogen was also used alone or a mixture 

with hydrogen as plasma gas.  Although nitrogen is much cheaper and has higher energy 

compared to argon, its use is limited due to its high reactivity [2]. 

 

Most of the plasma spray is carried out with the torch open to the atmosphere, and thus is 

referred to as atmospheric plasma spray (APS).  However, molten particle easily reacts 

with the surrounding air during the flight to form oxide phase in coatings.  To produce 

coatings without oxide inclusions, the plasma spray is conducted in low pressure (~100 

mbar).  This process is referred to as vacuum plasma spray (VPS).  VPS is preferred to 

APS for applying dense high-strength coatings but is more expensive.  Thus, VPS is only 

used when the deposited properties is more important than the cost disadvantage.  In this 

research, atmospheric plasma spray was used for splat deposition.     

  

(a) (b) 
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Table 2-1. Summary of typical thermal spray processes [2]. 

Attribute Flame spray HVOF Cold spray Air plasma Vacuum plasma 

Jet 

temperature, 

°C 

 

2,500 

 

2,500-5,300 

 

450-750 

 

6,000-15,000 

 

6,000-12,000 

Jet velocity, 

m.s-1 50-100 200-1,000 400-1,500 300-1,000 200-600 

Particle 

temperature, 

°C 

 

2,000 

 

610-3,000 

 

350-750 

 

>3,500 

 

>3,500 

Particle 

velocity, 

m.s-1 

 

50-100 

 

200-1,000 

 

400-1,000 

 

200-800 

 

200-600 

Bond 

strength, 

MPa 

 

7-18 

 

68 

  

<68 

 

>68 

Oxides High, 6% 
Moderate, 

0.2% 
Low 

Moderate to 

high,  

0.2%-1% 

None 

 

 

2.2 Microstructure of coatings 
 

The performance of coatings deposited by thermal spray depends strongly on the quality 

of contact between the coating and the substrate and between deposited layers.  Plasma 

sprayed and HVOF coatings are a build-up of splats and is characterised by a highly 

anisotropic lamellar structure.  Figure 2.5 presents a typical structure of the coating.  

Within the structure, inter-lamellar features such as porosity, oxides, debris, fine 

peripheral particles and unmelted particles are present [2].     
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Figure 2.5. Thermal spray coating microstructure showing common features [2]. 

 

Coating particles impinging on the substrate may be in a molten, semi-molten or non-

molten state depending on the thermal spray processes.  Due to the very high temperature 

in the plasma spray technique, the particles are normally in a molten state.  In the HVOF 

technique, the high kinetic energy of particles impinging on the substrate does not require 

the particles to be fully molten to form coatings.  The HVAF as well as cold spray 

techniques are also high kinetic energy coating processes, and the particles remain in the 

non-molten state. 

 

Due to their high kinetic energy, the sprayed particles deform upon impact with the 

substrate and spread out in radial directions to form lamellar splats.  The heat from the 

splat is conducted into the substrate, resulting in the rapid solidification of the splat 

(Figure 2.6).  Subsequent splat build up on the substrate or already deposited layers to 

form a lamellar coating.  Thus, the quality of the sprayed layers strongly depends on the 

chemical, mechanical and thermal conditions at the interfaces between splats or between 

splats and substrate.  

 

Splat morphology depends on a number of factors including the particle velocity and 

temperature, substrate surface conditions, and particle and substrate materials [11, 12, 18].  
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Two types of splat shapes commonly seen in thermal spray coatings are disk splats and 

splashed splats (Figure 2.7).  Disk-shaped splats enhance the quality of the coatings with 

high adhesion and cohesion, low porosity and low waste of deposition material.  In 

contrast, coatings formed from splashed splat have poor adhesion and cohesion, and high 

porosity [19-24].  In particular, Pershin et al. [24] examined the adhesion strength and the 

porosity of the coating as a function of substrate temperature.  It was observed that coating 

porosity and adhesion strength of nickel particles on steel substrate were 16.5% and 10 

MPa respectively when the substrate temperature was kept at 25°C during spraying.  In 

contrast, coating adhesion strength increased to 30 MPa with the substrate temperature of 

350°C.  Heating the substrate during spraying also induced a decrease of porosity to 14%.       

 

 
Figure 2.6. Schematic of splat formation [21, 25]. 
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Figure 2.7. Typical type of splat morphology of nickel particles on stainless steel 

substrate in thermal spray coatings: (a) disk splat and (b) splashed splat. 

 

2.3 Interface bonding mechanism 
 

Three mechanisms have been reported to explain the bonding between substrates and the 

particles making up thermal spray coatings.  The bonding mechanisms are mechanical 

interlocking, diffusion, and chemical bonding [11, 12, 16, 18, 26].  

 

• Mechanical interlocking is the link between rough surfaces.  Substrate surfaces are 

often roughened by grooving or grit blasting prior to spraying to obtain a very 

rough surface with the average surface roughness up to 17 µm.  A polished 

surface, however, has some roughness at smaller scale.  Upon impact, the droplet 

spreads out laterally to fill the pits and grooves of a rough surface to form a splat.  

The splat subsequently shrinks while solidification and adheres to the substrate 

surface by the mechanism of mechanical interlocking [27, 28].  Good adhesion can 

be achieved with the increase of surface roughness where more physically active 

surfaces are present for good bonding.  In most cases, the bonding in thermal spray 

coating is of mechanical nature [11, 12, 18].     

 

• Diffusion bonding is the mixing of the materials with movements of atoms across 

the interface.  To achieve such diffusion, the temperature of the substrate surface 

must be sufficiently high and the surface oxide layer must be destroyed allowing 

metal to metal contact [29].   

 

(a) (b) 
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• Chemical bonding occurs when the impacting droplets melt and react with the 

substrate or with previous deposited layers to form new chemical compounds.  In 

this case, the heat transfer from the impinging particles must be high enough to 

induce local melting underneath the flattened particle [18].   

 

2.4 Substrate melting phenomenon 
 

During the impact of a molten droplet onto a substrate, local substrate melting may occur.  

The bonding between the splat and the substrate can be improved with substrate melting.  

Nevertheless, substrate melting may cause substrate damage and alter its chemical 

properties.  Hence, substrate melting has been investigated extensively.  Kitahara et al. 

[30] reported that substrate melting occurred when nickel, chromium, molybdenum and 

tungsten were plasma-sprayed onto aluminum and mild steel substrates.  A layer of inter-

metallic compounds was identified by X-ray diffraction at the interface in several 

substrate-particle combinations [30].  Steffens et al. [31] indicated that substrate melting 

strongly depended on droplet thermophysical properties, contact temperature and 

solidification time.  The degree of melting increased with high substrate or droplet 

temperature, long interaction time or low thermal conductivity of substrates [31].  By 

plasma-sprayed molybdenum particles on mild steel substrate, Zhang et al. [32] also 

detected an inter-metallic layer of Fe2Mo using TEM at the interface between 

molybdenum particles and mild steel substrate and suggested that substrate melting had 

occurred.  However, no elemental mapping or electron diffraction has been able to 

unambiguously determine the nature of the interfacial phase.   

 

Li et al. [33] studied substrate melting with different particles and substrate material 

combinations.  They suggested that substrate melting could occur when droplets with high 

melting temperature, usually ceramics, impacted substrates with a low melting point.  Li et 

al. [34] recently showed that the substrate melted and interacted with spreading droplets 

when molybdenum was sprayed on stainless steel, brass and aluminum.  In their results, a 

melting depth of 0.5 µm and 3.5 µm were observed for stainless steel and aluminum 

substrates respectively.  In addition, it was reported that substrate melting can be 

controlled through the spray distance, flame temperature, splat-substrate contact condition, 

and initial substrate temperature [35].  All these experimental results confirmed that better 
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bonding could be achieved through the formation of inter-metallic compounds as a result 

of substrate melting during droplet-substrate interaction.  The adhesion strength is 

significantly lower when there is no occurrence of substrate melting [30-32, 34-36]. 

 

The interface temperature at the splat-substrate contact point can be numerically obtained 

from the properties of both the substrate and splat.  Assuming that both the substrate and 

the splat are two semi-infinite bodies initially at temperature of T1 and T2 (°C) 

respectively and the contact between them is perfect, the temperature at the contact surface 

Ti is given by their relative thermal effusivities [37]:         

 

    

 

Where  ,  ,   

 

 e1, e2  are the thermal effusivities of the substrate and the splat respectively.  

Thermal effusivity is a measure of its ability to exchange thermal energy 

with its surroundings; 

k (w.m-1.K-1) is the thermal conductivity of either splat or substrate; 

ρ (kg. m-3) is the density of either splat or substrate; 

cp (J.kg-1.K-1) is the specific heat capacity of either splat or substrate. 

 

If the calculated interface temperature obtained from above equations is greater than the 

melting temperature of the substrate, the substrate melting will occur.  Thus, the interface 

temperature can be used to predict the possibility of the occurrence of substrate melting.  

Based on this calculation, substrate melting is expected to occur in our spraying conditions 

assuming perfect contact between the splat and the substrate.  However, substrate melting 

was only observed at some specific locations in splats in our study (Chapter 6).  This 

discrepancy was due to the effect of thermal contact resistance, as been addressed in the 

numerical results in Chapter 7.     
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2.5 Mechanisms of splat formation 
 

Splashing is frequently observed in thermal spray coatings.  Splashing and disintegration 

of the splats produces pores, reduces strength, and causes loss of material.  Because of its 

practical importance, splashing phenomenon in thermal spray has been extensively 

considered.  Although much research, both experimental and numerical modeling, has 

been done, the reason for splashing has not been fully agreed.  The causes that have been 

suggested are the desorption of adsorbates/ condensates on the substrate surface, the 

difference between solid velocity and fluid velocity of the splat, or substrate melting.  The 

splashing mechanisms are detailed below. 

 

2.5.1 Vapourisation-induced splashing (high thermal contact resistance) 

 

The presence of adsorbates or condensates on the substrate surface contributed to the 

splashing of the splat.  When a high temperature droplet impacted the substrate, the 

adsorbates/ condensates were vaporised to form a thin film at the splat-substrate interface.  

The vapour film prevented good contact between the splat and the substrate and reduced 

the solidification rate of the droplet.  As a result, the droplet remained in the liquid state 

long enough to spread to a maximum extent and form a very thin layer.  Then, the thin 

liquid layer began to disintegrate, initially around the central core, and later at other sites.  

A central core splat surrounds by a ring of debris is usually obtained for this case (Figure 

2.8) [21, 38-40].  The thermal contact resistance between the splats (molybdenum or 

zirconia) and the substrates (glass or inconnel), which reflected the retarded solidification, 

has been estimated in the order of 10-5 m2.K.W-1 using the measured temperatures of the 

substrate [41].  This resistance value indicated a poor contact between the splat and the 

substrate due to a thin gas barrier created by the evaporation of adsorbates/ condensates on 

the substrate surface.  
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Figure 2.8. Images of nickel splats on non-heated stainless steel preoxidised at A) 

150ºC, and B) 250ºC [40].  

 

2.5.2  Freezing-induced splashing (low thermal contact resistance) 

 

Dhiman et al. [42] studied the changes of the splat morphology of molten tin droplets 

when they were plasma-sprayed at a velocity of 20 m.s-1 on stainless steel substrates held 

at temperatures ranging from 250C to 2000C.  They observed that the splat morphology 

was extensively splashed at low temperature.  The splashing left a splat with radial fingers 

at the edges (Figure 2.9).  The degree of splashing gradually diminished with increasing 

substrate temperature.  Using photographs of the droplets, droplet shapes were comparable 

with predictions from numerical simulation.  It was proposed in the simulation that the 

solidification around the edges of the splat retarded liquid flow and triggered splashing 

[42-44].  This mechanism has been termed as freezing-induced splashing [42, 44].  

Dhiman et al. [42] proposed that when the droplet impacted a substrate held at low 

temperature, the solidification rate was fast enough to form a solid ring and restrict it from 

spreading freely.  Due to the high inertial energy of the droplet, the upper portion of the 

liquid droplet escaped beyond the solid ring, resulting in the formation of fingers around 

the splat periphery.  
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Figure 2.9. Impact of molten tin drops with velocity 20 m.s-1 on a stainless steel 

surface held at different temperature.  The last picture in each column is the final 

solidified shape of the droplet [42].  

 

Splat morphology will depend on heat transfer between the splat and the substrate.  The 

faster the heat is conducted from the splat to the substrate, the higher will be the 

solidification rate in the droplet.  The rate of solidification depends on many factors, 

including thermal contact resistance at the splat-substrate interface, substrate temperature, 

substrate material, and droplet melting temperature [18, 42].  Droplets with low melting 

point were observed to solidify quickly during the impact to trigger freezing-induced 

splashing [42].   

 

Mundo et al. [45] proposed the splashing parameter called Sommerfeld K to describe 

splashing behavior of a droplet at impact.  The Sommerfeld K is defined as: 

 
.  .  

 

Where We = 
σ

ρ 2Dv and Re =  
μ
ρDv are Weber and Reynolds numbers respectively; 
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 ρ (kg.m-3) is the droplet density; 

 D (m) is the droplet diameter; 

 v (m.s-1) is the mean droplet velocity; 

 µ (N.s.m-2) is dynamic viscosity of the droplet;    

 

The dependency of splat behaviours on K value is as follows: 

 

K < 3: splat rebounds; 

3 < K < 57.7:  splat deposits 

K > 57.7: splat splashes   

 

In the case of Ti droplets on stainless steel substrates held at different temperatures [37], 

the Reynolds number was reported to be between 2.2x104 and 6.5x104 while the Weber 

number ranged from 0.8x103 to 7.2x103.  These yielded a K number from several 

hundreds to thousands, which suggested the occurrence of splat splashing.  However, disk-

shaped splats without any splashing were observed experimentally on substrate held at 

200ºC (Figure 2.9) [42].  Therefore, the Sommerfeld number was not entirely correct in 

predicting splat deposition.  In this case, the increased substrate temperature delayed the 

solidification process and thus the droplet was in the liquid state for a longer time to 

spread to a round disk splat with a smooth periphery [21, 42].  The formation of round 

disk splats with increased substrate temperature was in between the two extremes of 

vaporising-induced splashing due to low solidification rate and freezing-induced splashing 

due to high solidification rate.  The solidification rate in this case was low enough for the 

splats spreading to a maximum extend, but not too high to trigger the splashing [42, 46]. 

 

2.5.3 Melting-induced splashing  

 

Thermal treatment of the substrate was considered as an effective way to suppress 

splashing [11, 18, 19, 21, 23, 25, 47-49].  However, during the deposition of molybdenum 

particles on stainless steel, Li et al. [34] observed that splashing occurred and could not be 

suppressed by substrate preheating.  Splats with a remarkable ruptured morphology, 

termed as flower-type, were observed (Figure 2.10).   
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In addition, plasma-sprayed of molybdenum particles on steel resulted in melting of the 

substrate [33, 34, 50, 51].  Localized melting of the substrate surface caused splashing that 

was termed as melting-induced splashing [34].  It was suggested that when a molten 

droplet was deposited on a substrate with a much lower melting point, the substrate was 

melted by the heat transferred from the droplet.  Due to high dynamic pressure, the melted 

substrate was pushed to flow along the solidified splat, resulting in the formation of a 

crater around the impact point (Figure 2.11).  This crater altered the flow of the droplet 

fluid, resulting in detaching and jetting of the droplet in the form of splashing.  The 

splashing degree depended on the melted crater size.  Thermal treatment of the substrate 

increased substrate melting, forming a larger crater, which promoted rather than 

suppressed splashing.  However, if substrate melting was not deep enough to detach the 

liquid droplet from the substrate surface, the splashing was dominated by the other 

mechanisms.    

 

 
Figure 2.10. Morphology of molybdenum splats deposited on stainless steel 

substrates preheated to temperature of (a) 200ºC and (b) 400ºC [34]. 
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Figure 2.11. (a) Schematic diagram of a Mo particle impacting on a stainless steel 

substrate with molten stainless steel in the crater formed underneath. (b) Pieces of 

Mo detached from the central part of the impacting particle floating on molten 

stainless steel [34]. 

 

2.6 Effect of substrate surface conditions on splat formation and 

morphologies 
 

2.6.1 Transition temperature 

 

During the last decade, numerous researches have demonstrated that the splat morphology 

and behavior in plasma spray were strongly affected by substrate temperature [11, 16, 18, 

21, 25, 26, 38, 48, 49, 52-55].  Such works showed that substrates heated above a given 

temperature, defined as the transition temperature by Fukumoto [20], gave rise to 

favourable disk-shaped splats.  In contrast, splats on substrates held below the transition 

temperature were predominantly irregular or splashed shaped [24, 38, 49, 54-56].  It was 

also reported that the adhesion of coatings on the substrate preheated above the transition 

temperature was two to five times better than those on substrates preheated below the 

transition temperature [20, 24, 57, 58].  This dependency of adhesion strength of the 

coating on substrate temperature followed the trend presented in Figure 2.12.  There is a 

good correlation between splat morphology and adhesion strength.  However, the 

underlying cause of the change in splat morphology with substrate temperature is not 
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clearly understood.  It has been attributed to changes in substrate surface chemistry [28, 

38, 40, 48, 54, 55, 59] or changes in surface roughness [16, 18, 28, 48, 49, 60, 61].  

         

 
 

Figure 2.12. Effect of substrate temperature on splat morphology and adhesion 

strength of Ni particles on AISI304 stainless steel substrate [52]. 

 

2.6.2 Effect of substrate surface roughness  

 

Surface roughness was evaluated by two parameters: the average surface roughness (Ra) 

and skewness (Sk).  Ra represents the average distance between the surface and a mean 

centerline, but does not discriminate very well between peaks and valleys.  Skewness is 

used to measure the degree of asymmetry of the distribution.  Detail of surface roughness 

measurements will be included in Chapter 3, Section 3.3.4.   

 

It was found that in most cases, an increase in surface roughness of substrates improves 

the adhesion though mechanical bonding [11, 18].  In addition to roughening by grit 

blasting or grooving with the average surface roughness up to 17 µm [62], thermal 

treatment of the substrate prior to spraying can increase surface roughness, which may 

also affect the splat formation process.   

 

There have been debates about the effects of surface roughness, induced by thermal 

treatment of the substrate, on splat formation and morphologies.  Cedelle et al. [57] 
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confirmed that the formation of copper, nickel and YSZ splats on stainless steel 304 

substrate was improved with thermal treatment of the substrate.  It was found that 

skewness value of surface roughness changed from negative values to positive values with 

preheating.  Thus, Cedelle et al. [57] suggested that the change of the skewness value 

contributed to splat formation.  Such conclusion was also suggested by Fukumoto et al., 

who studied copper splats formed on stainless steel 304 substrate [48].  Fukumoto et al. 

[49] proposed that increased surface roughness on the nanoscale by thermal treatment 

resulted in a better wetting ability at the splat – substrate interface, and thus promoted disk 

splat morphology.  In the same study, no changes in chemical composition could be 

detected, supporting the greater importance of surface roughness, rather than surface 

chemistry, on splat morphology.   

 

However, later studies [39, 48] suggested that the nanoscale roughness was not a dominant 

factor, since gold coated preheated substrates, having increased surface roughness on the 

nanoscale did not result in enhanced disk splat morphology.  In addition, the correlation 

between splat morphology and surface roughness has been recently proposed by 

McDonald et al. [40].  In their study, nickel particles were plasma-sprayed on the stainless 

steel substrate held at different temperatures.  The first set of stainless steel substrates 

were preheated at different temperatures (250ºC or 650ºC) and then air-cooled to room 

temperature prior to spraying.  The others were also preheated at either 250ºC or 650ºC, 

air-cooled, and then heated to 350ºC and kept at this temperature during spraying.  They 

found that there were not significant changes in surface roughness parameters between 

two sets of the samples.  However, splat morphology significantly changed from 

fragmented splats on the substrates at room temperature during spraying to disk splats on 

the substrates which were heated at 350ºC during spraying.  Therefore, they concluded 

that the average surface roughness on nanometers scale in this case was not a critical 

factor in splat morphology.  Instead, they proposed that the changes of attached adsorbates 

on the substrate surface with heating had a stronger influence on the splat morphology 

than the surface roughness [40].   

   

2.6.3 Effect of substrate surface chemistry 

 

All metals are covered with oxide layers of variable composition and thickness, depending 

strongly on the local environment, pretreatments, and a variety of other parameters.  Heat 
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treatment causes changes in the relative amounts of these oxide layers and consequently 

releases of gases from the surface [63-69].  Thermal energy can also induce surface 

segregation of elements due to differences in free energies of formation of the oxides [70].  

Thus, an alternative explanation concerning the transition temperature and surface 

chemistry may be from the gas release, oxide thickness and wetting abilities. 

 

Splat morphology is influenced by the presence of adsorbates/ condensates on the 

substrate surface, though this influence has received limited attention in thermal spray 

coating.  To study the effect of adsorbates on splat morphology, a thin layer of organic 

compounds (xylene, glycol and glycerol) were brushed on a polished stainless steel 

substrate [54].  The substrate was subsequently preheated and plasma-sprayed with 

aluminum, nickel, alumina or copper particles.  Li et al. [54] reported that contiguous 

splats were observed when the substrate was preheated to 500C above the boiling point of 

the organic compounds.  In contrast, fragmented splats were found when the substrate was 

preheated below the boiling point of the organic compounds.  Therefore, Li et al. [54] 

concluded that the evaporation of the organic layer upon the impact of molten droplets 

with the substrate surface induced the splashing of splats.  Upon impact, heat is rapidly 

conducted to the substrate.  The heat causes desorption of adsorbates and condensates on 

the substrate surface which inhibits the contact between the droplet and the substrate.  

Whilst the droplet is spreading out to its maximum extent and starting to disintegrate, the 

vaporized adsorbates burst through the liquid layer, causing the fragmented splat [34, 39, 

71].  Thermal treatment the substrate prior to spraying can remove the adsorbates/ 

condensates.  As a result, the contact between splat and substrate improves and promotes 

the formation of disk-shaped splat [38].  However, most substrates are unlikely to be 

contaminated with xylene, glycol or glycerol.  Thus, the question is what are the likely 

“adsorbates/ condensates” on a typical substrate?.  And at which temperature does the 

desorption of adsorbates/ condensated occur?         

 

In addition to releasing adsorbates/ condensates, thermal treatment of substrates also 

induces changes in surface oxide composition and thickness.  McDonald et al. [40] 

showed that splashed splats were found on the stainless steel substrate which was 

preheated at 650°C whereas disk splats was collected on substrate preheated at 350°C.  

Thermal treatment of stainless steel developed a duplex layer of oxide on the substrate 

surface: iron oxide (Fe2O3) at the outmost surface and an inner layer of chromium oxide 
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(Cr2O3).  The thickness of iron oxide and chromium oxide on substrate preheated at 350ºC 

was 56 nm and 124 nm respectively, where as those on the substrate preheated at 650ºC 

was 84 nm and 204 nm respectively.  In addition, it was reported that there was no change 

in surface roughness due to oxidation between these samples [24].  Thus, McDonald et al. 

[40] proposed that the difference in splat morphology on the substrates preheated at 350°C 

and 650°C was due to the differences in oxide composition and thickness.           

 

Fukumoto et al. [48] measured the disk splat fraction of plasma-sprayed copper particles 

on the stainless steel AISI 304 substrate.  The substrates were preheated at 450ºC, cooled 

and exposed to ambient conditions for various durations.  The results showed that the disk 

splat fraction was unchanged for the first 24 hours of exposure, but after that the fraction 

significantly reduced with increasing exposure time.  With the assumption that surface 

roughness was stable over time, the author proposed that the change in disk splat fraction 

with exposure time was linked to the accumulation of adsorbates/ condensates on the 

substrate surface.  However, splat deposition on gold substrates changed very little 

between with and without preheating.  In this case, the effect of surface chemistry on splat 

morphology was small, because gold is a noble metal which does not oxidize under these 

conditions [48].   

 

The role of surface roughness and surface chemistry on the splat morphology has been 

examined.  However, there is no consensus about which of these parameters is the most 

influential on splat shape.  In addition, most studies neglected the substrate oxidation 

analysis and the nature of adsorbates/ condensates.  

 

2.7 Effect of spray variables on splat formation and morphologies 
 

Splat formation and morphology are also profoundly affected by the spraying conditions, 

particularly the temperature and velocity of the particles [11, 16, 72].  If the particle 

temperature is not high enough, unmelted particles may be incorporated into the coatings.  

Those regions will have voids, poor bonding, and eventually lead to failure of the 

coatings.  In contrast, high temperature increases the oxidation of the particles, resulting in 

the inclusion of oxides in the coatings [2].  If the temperature is lower than the melting 

point of the particles, oxidation is diffusion-controlled and occurs at the particle periphery.  
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At higher temperature, oxidation occurs by convection within the liquid droplet, resulting 

in much higher levels of oxide concentrations [11].  Apart from temperature, the oxidation 

also depends on particle velocity and nature of the surrounding environment.  Low 

velocity or longer dwell times normally increases concentration of the oxide within the 

coatings [11].  Spraying in inert atmosphere intuitively reduces oxide formation.  Oxide 

inclusion affects microstructure, properties, and performance of the coatings.  High oxide 

contents lead to brittle coatings, because oxide fractures easily.  Oxides along the splat 

boundaries adversely affect the cohesion between splats, reducing the strength of the 

coatings.  However oxidation is desirable in some applications to improve corrosion 

resistance, wear resistance, or hardness [2, 73-75].   

   

The high temperature of the metallic particles also contributes to the splashing 

phenomenon of splats.  Due to the high temperature, the splats are in liquid state for a 

longer time.  The instability along the splat-substrate interface or the evaporation of the 

condensates/ adsorbates on the substrate surface upon impact may induce splashing of the 

splats [11, 12, 40].  Splashing is also increased with higher velocity of the particles.  As a 

result, the splat obtained with higher droplet velocity is thinner than those obtained with 

lower velocity.  The splat is solidified, initially from the splat periphery, and the freezing 

front advances towards the centre of the splat.  If the velocity of the spreading liquid is 

high due to high particle velocity, the molten material may jet over the top of solidified 

layer, become unstable and break up.  Thus, the break up in this case is due to the 

difference in solidification rate within the splat.  For the case of lower impact velocity, the 

fluid flow will not have enough kinetic energy to jet.  As a result, the break-up of the splat 

will be eliminated in the case of low particle velocity [18].  However, these explanations 

contradict our numerical model results where we propose that splashing of the splat is not 

solely due to the solidification of the splat.  Instead, the splat splashing relates to the 

instability of trapped air at the splat-substrate interface and the surface tension effect, as 

explained in more detail in Chapter 7, Section 7.6.1.           

 

2.8 Numerical modeling of droplet impact, spread and solidification  
 

2.8.1 Splat shapes in a thermal spray coating process  
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The bonding between splats and the nature of the splat-substrate interface, in turn, depends 

on a large number of variables such as particle impact conditions, particle properties, 

substrate temperature, substrate properties, and so on.  To improve quality of the coatings, 

it is necessary to examine the effects of these factors, understand their relative importance 

and relate them to the splat morphology.  Thus, the studies of the splat shape assumed by a 

molten droplet after striking and freezing on a solid substrate surface are of interest in 

plasma spraying.  However, the physical phenomena such as droplet deformation and 

spreading during droplet impact take place simultaneously on a microsecond scale.  It is 

very difficult to observe directly the process of splat spreading and solidification on this 

timescale.  Consequently, along with substantial experimental studies, numerical modeling 

has been extensively used to comprehend and predict the effects of each parameter on the 

final splat morphology.   

 

There were a significant number of numerical models of molten droplet impact on a solid 

surface.  It is well-known that as a molten droplet impacts the colder substrate, the droplet 

spreads out and solidifies to form splat.  Thus, numerical simulations of the impacts 

involve a free surface model with a moving liquid-solid interface and heat transfer model 

between the droplet and the substrate.  Due to the very high velocity of the droplet at 

impact, a compressible model is used in the early state of the impact.  The pressure during 

droplet impact can be obtained from this compressible model.  However, no results on 

final splat diameter have been reported using this model.  As time elapses, the droplet 

velocity decreases.  At that point, an incompressible model can be used.  Due to 

complexity of the compressible model [53, 76-80], most numerical models apply the 

simplified incompressible flow [17, 56, 81-91]. 

 

The first numerical model of a liquid drop splashing onto a flat surface was developed in 

1967 by Harlow et al. [92].  In this model, the full Navier-Stocks equations were solved in 

cylindrical coordinates using “Marker-and-Cell” (MAC) finite difference method, with the 

assumption that droplets are symmetric about their vertical axis [93].  However, the effects 

of surface tension and viscosity were neglected to simplify the model.  Consequently, their 

results were mainly applicable for the early stage of droplet impact when kinetic energy is 

dominant.  Splashing phenomenon and the final splat diameter were not obtained in this 

study.  Nevertheless, this pioneering work provided a valuable start for modeling impact 
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involving a free surface.  In 1971, a simplified model of the isotherm impact of liquid 

droplet without surface tension and solidification effects was proposed by Jones [94].  

However, the splat thickness from the model was too small compared to the observed 

value.  In 1976, Madejski [95] developed a simple model using a one-dimensional Stefan 

approach to examine the solidification process and a two-dimensional radial flow of a 

spherical droplet.  The viscous, inertial and surface tension effects were also considered in 

the model to determine the flattening degree and thickness of the droplets.  In his study, 

Madejski also concluded that the solidification mechanism was the dominant factor in 

determining the splat size.  Although detail of the transient deformation behaviours during 

droplet spreading were not achieved in Madejski’s model, his work included surface 

tension, viscosity and solidification and judged the relative importance of these three 

aspects.  Madejski’s studies formed the basis for exploring the mechanisms that govern 

splat spreading and solidification process.  Since then, a number of other researchers have 

developed models to study droplet deposition and compared with Madejski’s model.  

Fiedler et al. [96] proposed an analysis which was quite similar to Madjejski’s model.  

Although solidification was not considered in their model, the results the two groups were 

almost identical.  Later, Tsurutani et al. [97] and Trapaga et al. [78] enhanced the MAC 

model of Harlow et al. [92] by additionally employing the “volume of fluid” method to 

take into account the effects of surface tension, viscosity, and the heat transfer between the 

droplet and the substrate.  The volume of fluid method is a numerical technique using to 

track and locate the fluid-fluid interface.  In addition to some findings similar to those of 

Madejski’s model [95], these results showed the breakup phenomenon of the splats as a 

non wetting liquid.  In the case of wetting liquid, the surface tension did not contribute to 

the final diameter of the splat [78].  Liu et al. [98] simulated the molten droplet spreading 

and solidification using the “volume of fluid’ method based on RIPPLE code [99] to 

examine impacts on a wavy surface and the void at the splat-substrate interface.  The heat 

transfer and fluid flow of the droplet impact were experimentally and numerically studied 

by Zhao et al. [100, 101].  However, in this model solidification during spreading was not 

considered.  Overall, in all these two-dimensional numerical models, the effect of thermal 

contact resistance at the droplet-substrate interface was not taken into account.  What is 

more, the liquid-solid contact angle was assumed to be constant at 90 degrees [17, 78, 96-

98, 100-107].  Although a substantial information of droplet spreading and solidification 

process can be obtained from the two-dimensional model, a fully three-dimensional model 

is needed to model more complex flows such as impact on inclined substrate surfaces or to 
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examine the splashing and break up phenomena.  These phenomena are frequently 

encountered in thermal spray coating.                      

In recent years, fully three-dimensional models have been widely employed to examine 

splat formation and morphology.  Bussmann et al. [81, 82] developed a three-dimensional 

model using volume tracking method to simulate water droplets falling with low velocity 

(~ 1 m.s-1) onto an inclined plane and study the splash of a droplet on a solid surface.  

Their numerical results fitted quite well with photographs of the droplet impact.  In this 

model, the boundary conditions at the solid-liquid contact line were specified to examine 

their effects on droplet impact when surface tension force is the dominating factor in the 

fluid flow.  The limitation of this model is that heat transfer and phase change during 

droplet impact were not considered.  Pasandideh et al. [56, 86] extended the model of 

Bussmann et al. [81, 82] to include heat transfer and solidification in simulating the 

droplet impact on a flat surface.  However, their numerical results did not agree well with 

experimental observations in splat morphology.  Zheng et al. [108] developed a three-

dimensional model using the adaptive level set method to track the moving boundaries and 

capture the free surface deformation with and without solidification.  They proposed that 

both solidification and free surface are the important factors contributing to splat 

morphology.  However, their numerical results were not validated against any 

experimental results.  Since then, three dimensional numerical models combining both 

free surface and phase change have been extensively employed to investigate the effects of 

droplet size, substrate surface roughness, substrate temperature, thermal contact resistance, 

spraying conditions, and wetting angle on the splat spreading process and splat 

morphology [22, 47, 61, 83, 84, 88, 91, 102, 109-116].    

 

2.8.2 Thermal contact resistance  

 

Splat morphology is strongly dependent on thermal contact resistance [41, 56, 83, 86, 88].  

When a molten metal droplet strikes a colder substrate, the heat transfer from the droplet 

to the substrate occurs.  As a result, the droplet cools and solidifies over time.  Air will be 

trapped in crevices at the liquid-solid interface.  With the passage of time, the interface 

undergoes a change from the initial liquid-solid contact to solid-solid contact.  The 

transformation varies the thermal contact resistance which account for discontinuity at the 

interface between splat and substrate.  Much work has been done to understand and 
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quantify this contact resistance value.  By using a relatively low response time of 1.5 ms 

(one or two-colour IR pyrometer), the surface temperature of the millimetre sized splat 

may be measured.  Thermal contact resistance can be estimated by solving the inverse heat 

transfer problem [117-122].  The thermal contact resistance was found in the range from 

10-3 to 10-6 m2.K.W-1.  Loulou et al. [123] used thermocouples with a lower response time 

of 0.1 ms to measure the substrate and droplet temperatures and estimated a thermal 

contact resistance of 10-4 m2.K.W-1.  However, due to the fast solidification of the splat in 

the order of microseconds which was significant smaller than the response time of 

thermocouples, the measurements of droplet temperatures were only valid after the splat 

was solidified.  Recently, high speed, two-color pyrometers has been used to obtain splat 

temperature variation during impact of plasma sprayed particles.  The very low response 

time of less than 1 micro second of these pyrometers ensures that the temperature prior to 

the onset of solidification is recorded.  In this method, infrared radiation emitted from the 

spreading splat assumed to be a gray body is recorded at two wavelengths whose ratio of 

intensities is used to calculate the splat temperature [41, 124-126].   

 

It was found that thermal contact resistance is a complex function of variety parameters: 

substrate surface conditions, spraying conditions, and the extent of contact at the 

substrate-splat interface.  In addition, thermal contact resistance varies with time and 

position across the interface.  Thus, the measurement of the real value of thermal contact 

resistance at each contact point for a micro-sized droplet is impossible.  Alternatively, 

thermal contact resistance may be estimated based on the contact area between the splat 

and the substrate [125], using a one-dimensional analytical conduction model [41, 125].  

The underlying function of this model was built by best-fitting the numerical values to 

experimental data.  To reduce complexity, a constant value of thermal contact resistance is 

commonly used in numerical modeling of splat spreading and solidification process.  

McDonald et al. [41] and Dhiman et al. [46] observed that round disk splats were obtained 

when plasma-spraying nickel or molybdenum particles on stainless steel or Inconel 

substrates.  In these cases, the thermal contact resistance was calculated and reported in an 

order of magnitude of 10-6 m2.K.W-1.  In other works, thermal contact resistance was 

estimated in the range from 10-8 to 10-5 m2.K.W-1 for good to poor contact, respectively, 

between the splat and the substrate [11, 42, 56, 88, 127].                   
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Thermal treatment of the substrate before spraying induces the changes in surface 

roughness and chemistry of the substrate, resulting in the change of thermal contact 

resistance.  Cedelle et al. [60] found that the cooling rate of yttria partially stabilized 

zirconia (YSZ) splats on stainless steel substrate preheated at 4000C were almost an order 

of magnitude larger than those on non-preheated one.  As a result, it was suggested that 

preheating substrate reduced the thermal contact resistance.  In contrast, Pasandideh et al. 

[56] proposed that heating the substrate produced an oxide layer which increased thermal 

contact resistance and prevented the splashing at the splat rim due to the solidification 

front.  However, Pasandideh et al. [56] did not explore the relation between the oxide 

thickness and the degree of splashing.  Cedelle et al. [57] and Bahbou et al. [28] proposed 

that thermal contact resistance significantly decreased on the oxidised smooth surface 

compared to the non-oxidized one due to the growth of nano-structured oxides.  The 

reduction of thermal contact resistance resulted from the better contact between splat and 

substrate [28, 56, 57].  Another explanation is that the oxidized surface contained less 

adsorbates, leading to enhanced splat-substrate contact and reduced thermal contact 

resistance [11, 38, 41, 54], promoting wetting and avoiding splashing [25].  McDonald et 

al. [40] have recently reported that the oxide thickness on the stainless steel substrate 

increased with substrate heating.  However, the oxide thermal resistance was several 

orders of magnitude lesser than the measured thermal contact resistance.  Thus, they 

concluded that surface oxide layer could not completely explain the decrease of thermal 

contact resistance with substrate heating.  It was supposed that the evaporation of 

adsorbates/ condensates from the substrate surface created a barrier film at the splat-

substrate interface, which results in an increase of thermal contact resistance at the splat-

substrate interface.  Thermal treatment of the substrate prior to spraying can evaporate of 

surface adsorbates/ condensates, thereby greatly improves the contact between the splat 

and the substrate and significantly reduces the thermal contact resistance.  Thus, 

adsorbates/ condensates appeared to be the main factor affecting splat morphology.  

 

2.8.3 Numerical simulation involving substrate melting  

 

Numerical simulations have also been employed to predict the phenomena of substrate 

melting under the impact of a molten droplet.  Dallaire [26], Wang et al. [120] and Li et al. 

[33] studied splat solidification and substrate melting using a one-dimensional heat 

conduction model.  Substrate melting could occur if a high melting temperature droplet 
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impacted a low melting temperature substrate.  Li et al. [33] proposed a “temperature 

factor” which could be used to predict the potential of substrate melting.  Based on this 

factor, substrate melting was not expected to occur for nickel and chromium on mild steel 

substrate [33].  Wang et al. studied substrate melting and splat solidification using the 

rapid solidification theory [120, 121].  However, these numerical simulations neglected 

the kinetic energy of the droplet and the free surface deformation [26, 33, 120, 121].  

Later, Zhang et al. [32, 51] expanded the model to combine a two-dimensional free 

surface deformation model with a one-dimensional non-equilibrium rapid solidification 

model.  Although the combined model could predict the solidification rate and splat 

morphology, the variation of temperatures inside the droplet and along the substrate-splat 

interface could not be obtained.  Three dimensional numerical models have also been 

employed to study the splat spreading process and the splat shape [17, 35, 81, 85, 86].  

However, all these models were limited to studying substrate melting during the flattening 

and solidification of the splat, in particular the temperature distribution of substrate 

surface as a function of time and locations.  

 

2.9 Surface chemistry and topography of aluminum  
 

Surface chemistry and topography of aluminum substrate are expected to significantly 

affect the adhesion of the coating [128-137].  Thus, understanding surface chemistry and 

microstructure of the aluminum surface is the key factor to achieve a coating with 

optimum bonding to the substrate.  The surface chemistry and topography of aluminum 

can be altered by a number of different methods including thermal treatment, 

boehmitising, and acid etching.  Thermal treatment can be used separately or combined 

with other treatments [128-130, 138-140].  This research focused on the polished, polished 

and thermally treated, boehmitised, and combined boehmitised and thermally treated.   

              

Under ambient conditions, elemental aluminum is thermodynamically unstable and 

rapidly reacts with oxygen and moisture to form a mixture of oxides and hydroxides on 

the surface.  The formed oxide provides a barrier to protect the underlying reactive metal 

from further oxidation.  The native oxide layer at room temperature is normally 2-4 nm 

thick, comprising of several thinner layers of various chemistry and crystallography.  

Adjacent to the parent metal is a 1-2 nm thin layer of amorphous γ-Al2O3.  Subsequent 
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layers are hydrated oxides and hydroxides.  These layers are typically composed of the 

gel-like pseudo-boehmite, crystalline boehmite, bayerite, and/or gibbsite depending on the 

ambient environment, exposure time and some other parameters [140, 141].  Pseudo-

boehmite is a poorly crystallized hydroxide that is similar to boehmite but contains more 

than 15% water by weight compared to a typical boehmite [64, 65, 138, 142, 143].  In 

addition to oxides and hydroxides, the surface is also covered by contaminants, such as 

physisorbed water, hydrocarbons, silicon processing aids, lubricants, rolling oils, etc.  A 

schematic of the native oxide layer of aluminum is shown in Figure 2.13.              

 

Figure 2.13. Schematic of the oxide layer on aluminum [141].  

 

Hydrothermal treatment, or boehmitising, is accomplished by immersing aluminum 

substrate in boiling water to develop a thick layer of oxides on the aluminum surface.  The 

reaction of aluminum with boiling water has been extensively studied during the 1960s 

and 1970s [138, 142, 144-147].  Using electron diffraction pattern, it was reported that 

immersion of aluminum in water above 80°C resulted in the formation of boehmite 

AlOOH on the surface [144-146].  However, Veddar et al. [142] used infra-red spectra 

technique to identify pseudo-boehmite, not boehmite, as the product of the hydrothermal 

treatment of aluminum.  They confirmed that it was impossible to differentiate between 

boehmite and pseudo-boehmite by X-ray electron diffraction because they had a similar 
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diffraction pattern [142].  Subsequently, other results confirmed that immersion of 

aluminum in water at 100°C resulted in the formation of only pseudo-boehmite [138, 143, 

148].  It was also found that the film had a duplex structure consisting of an outer porous 

fibrillar layer of pseudo-boehmite and a dense inner layer.  However, detail of inner layer 

structure could not be discerned.  The thickness of both layers was proportional to the 

immersion time in boiling water [138, 147, 148].  

 

Thermal treatment of aluminum surfaces results in various oxides on the surface 

depending on heating temperature and duration, and ambient conditions during heating.  

Thermal treatment of aluminum sample results in the desorption of water, first from 

physisorbed water at the outermost surface (Figure 2.14) at the temperature around 100°C.  

The removal of chemisorbed water under the form of hydroxides – including gibbsite, 

bayerite, boehmite and pseudo-boehmite – requires much higher energy.  Starting from 

around 275°C, the dehydration of hydroxides occurs.  The dehydration does not 

immediately produce the thermodynamically stable form of α-alumina or corundum, but 

goes through a range of meta-stable phases, or transition aluminas, as can be seen in 

Figure 2.14.  The various transformation sequences from hydroxides to oxides eventually 

ends up with corundum at around 1050°C [140].       

 
Figure 2.14. Transformation sequence of hydroxide to oxide [140]. 
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Thermal treatment of aluminum alloy also causes the segregation of some elements to the 

surface.  In aluminum alloys containing magnesium, the element easily diffuses to the 

surface upon thermal treatment resulting in a significantly higher concentration of 

magnesium on the surface than in the bulk [149-153].  The accumulation of magnesium at 

the surface is thermodynamically driven when oxygen is available via Equations 2.1, 2.2 

and 2.3.  Lea et al. [153] suggested that Mg diffuses through the amorphous alumina layer 

or the boundaries of the crystalline alumina to the surface.  The diffusion of Mg through 

amorphous alumina is faster than through crystalline alumina to form initial islands of rich 

magnesium [153, 154].  Those islands grow and spread out to cover the whole surface, 

provided that the bulk supply of Mg and heating time are sufficient.  The presence of 

magnesium oxide at high levels on the surface reduces the alumina proportion and may 

promote the wettability of the liquid metal on the aluminum substrates [155].  Thus, it is 

expected that the presence of magnesium on the thermally treated aluminum surface may 

improve the adhesion between the splat and the aluminum substrate.          

  

2Mg + O2          →        2MgO     [Equation 2.1] 

3Mg + Al2O3    →        3MgO   + 2Al    [Equation 2.2] 

MgO + Al2O3    →        MgAl2O4        [Equation 2.3] 

 

2.10 Summary of literature review and aims of this thesis 
 

The properties of coatings and splats are profoundly affected the substrate surface 

conditions.  While there have been a significant number of studies about the correlation 

between the surface roughness and splat morphology, few have considered how surface 

chemistry affects the splat morphology.  Such studies suggested that adsorbates/ 

condensates on the substrate surface play an important role in shaping the splat.  However, 

it remains unclear about what adsorbates/ condensates will be present on a substrate 

during typical spray conditions, and that whether the adsorbates/ condensates release or 

the surface roughness change is responsible for splat morphology.   

 

We propose that the primary “adsorbate” is in fact chemisorbed water in the form of 

hydroxides at the outermost surface.  Therefore, in this research, aluminum was chosen as 

the substrate material because its surface chemistry has been well studied and can be 
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easily modified to alter chemisorbed water content by thermal or hydrothermal treatments.  

Such changes in surface layers with thermal and hydrothermal treatments can be detected 

by high resolution X-ray photoelectron spectroscopy and ion beam analysis.  Thus, the 

surface chemistries of the substrates used for splat deposition were completely 

identifiable.  Surface roughness and morphology were also quantified using scanning 

electron microscopy and atomic force microscopy.  Evaluations of the splat formation and 

morphology on these substrates and splat-substrate interface clarify the key question of 

this research: “How do substrate surface chemistry and surface roughness affect the splat 

formation?”, “Can water release from the dehydration of surface hydroxide to oxide play 

important role in splat formation and morphology?”          

 

Another key target of this research is to develop three dimensional models using 

commercial software, Ansys CFX 11, to simulate the splat shape in plasma spray.  

Through the model, the correlation between the thermal contact resistance and splat 

morphology is examined.  The mechanisms of splashing as well as the influence of a thick 

layer of surface oxide or gas release on the splat morphology are also addressed in the 

model.  The simulation is validated against own experimental observations and other 

results from literature.   

  

In summary, the main tasks of this research are: 

 

• Compare single splats on substrates of different surface conditions at room 

temperature; 

• Compare single splats on substrates of the same pretreatment, but kept at room 

temperature and at 350º while spraying; 

• Evaluate the effects of surface roughness on splat formation; 

• Examine the interface between the splat and the substrate of different 

pretreatments; 

• Investigate the bonding mechanism between splats and substrates;      

• Investigate the correlation between thermal contact resistance and splat 

morphology; 

• Build numerical models to predict splat morphology using Ansys CFX version 11 

taking into account thermal contact resistance and heat transfer; 
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• Compare the splat morphologies by empirical observations and by numerical 

modeling; 

• Investigate the splashing mechanism of molten droplet in thermal spray coating by 

numerical model and validate against experimental results. 
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CHAPTER 3. EXPERIMENTAL METHODS 
 

 

3.1 Materials 
 

The formation and morphology of plasma spray splats is governed primarily by substrate 

surface conditions and the properties of the sprayed particles [2, 11, 18, 19, 49].  The 

influencing substrate conditions include surface chemistry, roughness and thermal 

properties, such as thermal diffusivity.  With respect to the sprayed particles, velocity, 

temperature, and physio-chemical state at impact are taken into account.  Due to the 

critical influence of these factors, the substrate materials and spraying conditions were 

selected carefully to provide a variation which can be controlled easily.  Their potential 

applications were also considered. 

 

3.1.1 Substrate material and preparation   

 

Aluminum alloy 5052 was chosen as the substrate material for three reasons.  Firstly, the 

surface chemistry of aluminum has been well studied and is easily modified by thermal or 

hydrothermal treatments.  Secondly, the segregation of magnesium to the surface due to 

thermal treatment might improve the wetability of the aluminum surface [155].  Thirdly, 

aluminum alloys have a wide range of industrial applications.  The typical composition of 

aluminum alloy 5052 is given in Table 3-1. 

 

Table 3-1. Chemical composition of aluminum alloy 5052 (% weight) [156] 

Substrate Si Cr Mn Cu Fe Mg Others total Al 

Al 5052 0.25 0.15-0.35 0.1 0.1 0.4 2.2-2.8 0.15 Balance

 

The alloy was received in the form of a 3.175 mm thick polished sheet with a protective 

plastic film.  Samples were cut from the sheet into coupons with the various sizes from 5 × 

5 mm to 25 × 25 mm for use in various instruments.  The smaller size substrate coupons 

were used for substrate characterisation by X-ray Photoemission Spectroscopy (XPS), 

Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM). 
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One group of samples was simply wiped by iso-propanol and then acetone to remove any 

grease or adhesive remaining from the protective film on the substrate surface.  These 

samples were referred to as “P” in this research.  In other groups of samples, the substrates 

were modified by thermal and hydrothermal treatments to evaluate the effect of substrate 

surface conditions on splat morphology using three different regimes.  The polished and 

thermally treated samples were referred to as “PT”.  The other two groups were labeled 

“Bx” and “BxT” for samples boiled in deionised water and boiled then thermally treated 

respectively.  In these labels, x indicates the boiling time in minutes and had the value 

either one minute or 30 minutes.  In BxT group, the samples were removed from boiling 

water and patted dry with paper towels before thermal treatment.  For both PT and BxT 

groups, the samples were heated in air at 350°C for 90 minutes.  Some polished and boiled 

samples were also heated to 350ºC for 30 minutes and were kept at this temperature 

during spraying (referred to as “PH” and “BxH” respectively).  The pretreatments of the 

substrates were summarized in Table 3-2.    

 

Table 3-2. Summary of the pretreatments used to vary the substrate surface oxide 

composition and thickness 

 

Pretreatment 

Sample 

label 

Degreased Boiled 

(x) 

Thermally 

treatment 

(350°C) 

Time of thermal 

treament 

(minutes) 

Polished P Yes    

Boiled  Bx Yes Yes   

Polished + thermally treated  PT Yes  Yes 90 minutes. Sprayed 

at substrate 

temperature of 25ºC 

Boiled + thermally treated BxT Yes Yes Yes 

Polished + thermally treated  PH Yes  Yes 30 minutes. Sprayed 

at substrate 

temperature of 350ºC 

Boiled + thermally treated  BxH Yes Yes Yes 

Note: x indicates the time (one minute or 30 minutes) of hydrothermal treatment. 
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3.1.2 Spray powder  

 

Commercial Ni20Cr alloy powder (Metco 43C-NS, Sulzer Metco) was used as the 

primary sprayed materials.  The particle size given by the manufacturer was from 45 to 

106 μm.  NiCr alloy powder was selected due to its extensive use in the coating industry 

for high corrosion resistance, wear resistance and oxidation resistance.  The large 

difference in atomic number between the aluminum substrate and the NiCr splats gives 

good contrast in back-scattered electron images by SEM and cross-sectional Focused Ion 

Beam (FIB) which assists with image analysis.  The contrast is particularly useful at the 

splat-substrate interface where substrate melting may occur.  

 

Due to the lack of available data for the physical properties of the NiCr alloy, pure nickel 

powder (Metco 56F-NS, Sulzer Metco) was also used to obtain empirical data for 

numerical simulation.  The densities and atomic numbers of Ni and Cr are similar enough 

to give a good correlation between the Ni and NiCr interaction with the substrate.  The 

particle size of the nickel powder was from 11 to 45 µm.  The difference in the particle 

size between the NiCr and Ni powder used in this study was subjected to the availability 

of the powders in the lab.  The morphologies of the NiCr 43C-NS and Ni 56F-NS powders 

are also different as shown in Figure 3.1.  While the NiCr 43C-NS particles have irregular, 

angular and elongated shapes, the Ni 56F-NS ones were approximately spherical.   
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Figure 3.1. Micrographs of feedstock (a) NiCr Metco 43C-NS, and (b) Ni Metco 56F-

NS. The inset images on the bottom right of each image show the shapes of a typical 

NiCr and Ni particles.  

 

3.2 Thermal spray experiments 
 

3.2.1 Spray conditions 

 

All of the aluminum alloy samples were pretreated and stored in a desiccator with fresh 

desiccant to preserve their surface chemistry before spraying.  The samples were plasma-

sprayed within one day of pretreatment with the time between removal from the desiccator 

and spraying being approximately 60 minutes.  The substrate dimensions were 25 × 25 

mm. Samples prepared using the full range of sample pretreatments were sprayed 

simultaneously in each spray trial.  The samples were subject to the same particle size 

(a) 

(b) 
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distribution of the sprayed powder, splat temperature and velocity conditions, and thus 

their splat morphologies were directly comparable.  Plasma spraying was performed using 

a Sulzer Metco (USA) F4-MB plasma system at the Centre for Thermal Spray Research, 

Stony Brook University, New York, USA using the conditions in Table 3-3.  The plasma 

gas used was a mixture of argon and hydrogen.  The spray gun maintained the distance of 

100 mm in a single pass at the speed of 1 m.s-1 throughout all splat depositions.  Powder 

was fed into the gun by a powder feeder (Twin 10C, Plasma Technik).  To protect the 

powder against oxidation at high temperature, pure dry argon was used as the carrier gas.  

The average velocity and temperature of in-flight particles were measured using a DPV-

2000 system (Tecnar Automation Ltd., St-Bruno, QC, Canada).  

 

Table 3-3. Plasma-sprayed parameters of NiCr/Ni particles on aluminum substrate.   

Gun Sulzer Metco F4-MB 

Nozzle type 8 mm G 

Spray distance 100 mm  

Argon flow rate 47.5 standard litres per minute (SLPM) 

Hydrogen flow rate 6.2 SLPM 

Voltage  62 V 

Current 550 A 

Carrier gas (Argon) flow rate 3 SLPM  

Powder Ni20Cr (Metco, 43C-NS, -105+45 µm)  

Ni (Metco, 56F-NS, -45+11 µm) 

Powder feed rate 2.1 -2.5 g.min-1

 

 

3.2.2 Substrate mounting and temperature control 

 

To investigate the effects of substrate temperature on splat formation and morphology, 

substrate coupons were mounted on a heated copper block (Figure 3.2a).  A 1000W 

sheathed strip heater (Chromalox WS 1501, US) was mounted on the back of the copper 

substrate holder block to control substrate temperature during spraying.  Dimensions of 

the heater are presented in Figure 3.2b.  Prior to spraying, a test coupon was mounted on 

the copper block and its surface temperature was monitored by a K-type thermo-couple.  
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Once the temperature of the test sample was stabilised at the desired value, other samples 

used for spraying were installed and left heating for a further 30 minutes.  After spraying, 

the samples were removed from the copper block and placed on a heat resistance surface 

to cool naturally.  The substrates were then wrapped in paper towels and stored in sealed 

plastic bags for further analysis.        

 

 

 
 

Figure 3.2. (a) Heater was mounted on the back of the copper substrate holder block, 

and (b) dimension of a strip heated.  

 

3.2.3 In-flight measurement of particle temperature and velocity 

 

To model the splat morphology, the initial temperature and velocity of the particle at 

impact are required.  The velocity and temperature of the particles were detected and 

measured in each splat deposition experiment.  Measurements were performed along the 

central axis from the nozzle at a distance equal to the spray distance during spraying of the 

samples.  The velocity and temperature of the particles at other positions in the particle 

stream were not measured.  

 

Substrate coupons (size 25mmx25mmx3mm) 

= 349 mm
= 362 mm
= 388 mm

mm 

(a) 

(b) 
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These measurements were performed using a DPV-2000 system (Tecnar, Canada).  The 

system consists of a sensing head with a multi-element lens to detect thermal radiation of 

the in-flight particles (Figure 3.3).  When a particle approaches the substrate surface, it 

passes through the field of view of the optical sensor head and emits infrared radiation.  A 

mask with two fine vertical slits is placed in front of the optical sensor so that two peaks 

are recorded whenever a particle is detected.  The thermal radiation signal is collected and 

transmitted through a 400 µm diameter optical fibre bundle to the Detection Module, 

where the signal is split.  One cable feeds into a charge-coupled device (CCD) video 

camera and another is transmitted through two silicon photodetectors.  Signals from both 

the CCD video camera and the photodetectors are sent to the Control Module, where the 

signals were digitized and analysed by the system software for velocity and temperature 

computation respectively.  Particle velocity is calculated by dividing the distance between 

the images of the two slits by the time interval between the signals of those two peaks.  

Particle temperatures are measured from the ratio of the signal at two different 

wavelengths provided by the two silicon photodetectors, using the two-wavelength 

pyrometry theory [157].  In this calculation, the heated particles are assumed to be gray 

body emitters with a spherical shape prior to impact and have constant emissivity.  

Depending on spraying parameters, up to 800 particles per second can be detected and 

analysed.  The average values and standard deviation of the temperature and velocity are 

recorded.  The DPV-2000 system can measure temperatures from 1,000°C to 4,000°C and 

velocities from 10 to 1,500 m.s-1.  The accuracies of the measurement methods were 

reported by Vardelle et al. [158] and by Fincke et al [159].  Absolute temperatures could 

differ by 10-20 % from true values; velocity error was less than 10 %; and diameter of the 

powders could be on the order of 20 %. 
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Figure 3.3. Illustration of the DPV-2000 operation principle [160]. 

 

3.3 Analysis techniques 
 

To characterise substrate surface conditions prior to spraying, the splat morphology and 

the splat-substrate interface, a number of techniques and methods have been used in this 

thesis. The methodology and approach were established with consideration to the 

availability of experimental facilities.  Most of the facilities, including relevant processing 

software and knowledge involved, are available within The University of Auckland, New 

Zealand.  Focused Ion Beam (FIB) and Transmission Electron Microscope (TEM) tasks 

were performed in collaboration with the Electron Microscope Unit at The University of 

New South Wales (Australia).  

 

3.3.1 X-ray Photoemission Spectroscopy (XPS) 

 

XPS is a powerful technique for surface sensitive analysis.  The information obtainable by 

XPS includes elemental composition and the element oxidation states from the top few 

atomic layers of the sample.  XPS can detect most elements at concentration above 0.1 

atomic %, except hydrogen and helium.  The technique requires ultra-high vacuum (UHV) 

conditions (below 5x10-9 torr) in order to minimise the adsorption of surface contaminants 

and reduce the collisions between electrons and gas molecules.  In this research, XPS was 

used to characterise the surface oxide on the substrates with and without thermal and 

hydrothermal pretreatments.     
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In XPS, X-ray is used to irradiate surface atoms.  The ejected photoelectrons from the 

surface are then detected and analysed based on their kinetic energy (Figure 3.4).  The 

binding energy of those electrons is calculated from the energy balance equation [161, 

162]: 

 

 E = hν – E0 – Φ         [Equation 3.1] 

 

Where  E0 is binding energy of the target electrons; 

E is kinetic energy of ejected electrons which is measured in the XPS 

spectrometer; 

hν is the characteristic photon energy of the X-ray source;  

h is Planck constant (6.62 x 10-34 J s);  

ν is frequency of the radiation in Hz; 

 Φ  is the work function of the spectrometer, a measured value. 

 

 
Figure 3.4. The electron transition involved in the photoemission of a 1s electron 

from sample. 

 

There are a variety of x-ray sources of which the most commonly used are Al K-α and Mg 

K-α with photon energies of 1,486.6 and 1,253.6 eV respectively.  
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The work function of the spectrometer is measured as the minimum energy required to 

take an electron from the Fermi level into vacuum.  If the sample is a conductor, the Fermi 

level of the sample and the instrument are the same.  Thus, the work function is accurately 

measured.  However, in the case of insulating or non-conducting samples, the surface will 

accumulate a positive charge which leads to a reduction of the kinetic energy of the 

photoelectrons and a difference in the Fermi levels of the sample and instrument.  Thus, 

the spectrum is generally shifted to the higher binding energy and the obtained peaks 

become broader [163].  In this case, analysis of chemical state becomes complicated.  

Modern XPS instruments use a low energy electron gun to neutralize the charges built up 

on the surface of insulators.  In addition, the inevitable peak of adventitious hydrocarbon 

C 1s can be corrected to the reference binding energy of 285.0 eV [63-65], shifting all 

other peaks accordingly [161, 163-165].  

 

Quantification in XPS is based on peak areas (A) and their respective elemental sensitivity 

factor (S).  The concentration of element x is calculated as: 
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       [Equation 3.2] 

 

The instrument used in this study is a Kratos Axis Ultra DLD (Manchester, UK) with dual 

anode source (Al and Mg Kα) available at the Research Centre for Surface and Materials 

Science, The University of Auckland.  Samples were mounted on holders by double-sided 

carbon tape.  Throughout this study, XPS is used to analyse the changes of the surface 

oxide composition and thickness with different treatments.  The typical analysis depth for 

XPS is on the order of ten nanometers.  The excitation source was Al Kα (1,486.6eV).  

Analysis of each sample started with a wide scan with the following parameters. 

 

• Binding energy range: 0 – 1100eV; 

• Sweep: 3 sweeps × 1eV step × 180ms dwelling time; 

• Pass energy: high (160eV); 

 

Once the peaks of individual elements had been detected, narrow scans were performed to 

identify specific compounds.  Although each sample might have a different shift in 
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binding energy, the peaks were still fully contained in every narrow scan by setting 

appropriate scan ranges.  In the narrow scans, the pass energy was set lower at 20eV with 

3-5 sweeps × 0.1 eV steps × 60 ms dwelling time.  Elemental quantification and peak 

fitting were performed by CasaXPS software [166].  

 

Throughout this study, Shirley background was applied.  The peak shape used was a mix 

of 30% Gaussian and 70% Lorentzian.  More detail about fitting for specific species are 

presented in the following section. 

 

3.3.2 XPS data interpretation for aluminum species 

 

The surface of aluminum and its alloys is always covered by a layer of oxides and 

hydroxide, which protects the underlying reactive metal from further attack by the 

atmosphere [140, 167-171]. The presence of this electrically insulating layer can 

complicate XPS analysis with energy shifting and peak broadening effects [63-65].  

However, the deconvoluted component peaks of the O 1s and Al 2p envelopes can be 

identified based on the extensive literature around this matter [63-65, 172, 173].  The 

typical XPS spectra of Al 2p, C 1s and O 1s regions are shown in Figure 3.5.  Provided 

that the oxide, hydroxide layer is not thicker than the XPS analysis depth (approximately 

10 nm) [174], the Al 2p envelope (Figure 3.5a) displays two separate peaks of metal (AM) 

at lower binding energy and oxide/ hydroxide (AO) at higher binding energy.  The metal 

peak can be further deconvoluted into two narrow asymmetric component peaks (AM1 

and AM2), which areas obey the ratio 1:2 of 2p1/2 : 2p3/2 [174].  The oxide/ hydroxide 

peak (AO) is indistinguishable for oxide and hydroxide and does not have the distinctive 

features of the metal peaks.  Thus it is more difficult to analyse this peak, especially when 

the peaks are shifted and broadened due to charging effects.  Instead of using direct 

binding energy of the peak, the separation between the oxide/ hydroxide peak AO and the 

metal peak AM was used to identify the peak AO.  This energy separation has been 

reported in the range of 2.8-3.3 eV [63-65, 155, 172, 173, 175].  

 

Curve fitting for the region of the O 1s core level was more difficult to achieve because of 

the wide and generally symmetrical binding energy envelope (Figure 3.5b).  The O 1s 

peak was fitted with three components OO, OH and OW in the order of increasing binding 

energy.  The component peaks OO and OW attributed to aluminum oxide (Al2O3) and 
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adsorbed water respectively, whereas the component peak OH attributed to Al-O-H bonds 

from aluminum hydroxide AlOOH (boehmite) or Al(OH)3 (bayerite/ gibbsite).  In a 

similar manner to the identification of the oxide/ hydroxide peak in the Al 2p core level, 

energy separation between the easily identifiable metal peak AM and the component 

peaks OO, OH and OW are used to identify these peaks.  The average separations reported 

in the literature are presented in Table 3-4.  To better fit this region, constraints for the 

values of full width at half maximum (FWHM) of the component peaks were needed are 

in some cases.  Generally, FWHM is kept under 2.5 eV [155, 173]. 

 

Curve fitting for the region of the C 1s core level is of interest for the calculation of the 

Al:O stoichiometry in the oxide/ hydroxide layer.  The region can be fitted with three 

peaks in the order of increasing binding energy: a C-C/ C-H peak (CC) of adventitious 

hydrocarbon, a C-O peak (CO1) of alcohol/ ether and a O=C-O peak (CO2) of carbonyl/ 

ester (Figure 3.5c).  The CC is usually used as the reference to correct binding energy of 

the whole spectrum. However, this reference was not necessary for aluminum surfaces 

where the energy separation approach was adopted. 

 

Table 3-4. Average energy separation between Al 2p3/2 peak and O 1s component 

peaks. 

Peaks OO 

(eV) 

OH 

(eV) 

OW 

(eV) 

AM 

(eV) 

AO 

(eV) 

OO-AM  

(eV)  

This study varies +1.2 +2 varies +3 459.5 ± 0.5 

Lopez et al. [176] 537.6 +1.2 +2 73.4 +2.9 464.3 

Alexander et al.  [64] 532.7 +1.1 +2.1 72.76 +3.3 459.7 

McCafferty and Wightman [172] 531.8 +1.1 +2.1 71.5 +3 460.3 

Do and McIntyre [173] 531.7 +1.2 +2.1 72.87 +2.9 458.9 
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Figure 3.5. Typical narrow scans and peak fitting of Al 2p, O 1s, and C 1s XPS 

photopeaks.  
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Once all the peaks in the region of the Al 2p core level were identified, the thickness of 

the oxide layer could be estimated using Strohmeier’s formula (Equation 3.3) [177, 178]. 
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Where  d (nm) is the oxide thickness; 

MN and 0N  represent the volume densities of metal atoms in the metal and oxide 

respectively;  

Mλ and 0λ (Ǻ) denote the inelastic mean free path of the analysed photoelectrons 

propagating through the metal and oxide; 

MI and 0I are the peak areas of the metal and oxide photoelectron peaks 

respectively; 

θ  is the electron take-off angle with respect to the sample surface. 

 

The values of λ have been calculated theoretically and empirically for many compounds, 

including aluminum [178, 179].  For the aluminum oxide film on the aluminum substrate, 

the ratio 
0N

NM  was 1.3-1.5 [178].  This density of the oxide layer varies, depending on the 

presence of other elements and the amount of hydration.  In this study, a 
0N

NM ratio of 1.5 

was used.  For Al Kα x-ray radiation, the inelastic mean free path values in aluminum 

oxide and aluminum metal are 28 and 26 A respectively.  In addition, the take-off angle in 

the Kratos instrument was 900.  Therefore, equation 3.3 becomes: 
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To calculate the stoichiometry of aluminum oxide/hydroxide, the following steps are 

followed. 
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- Proportion of aluminum associated with oxide/ hydroxide: A = [Area(AO)]/ Area 

(Total Al 2p); 

- Amount of aluminum contributing to oxide/ hydroxide: A% = A × Total Al% 

- Proportion of carbon associated with oxygen: B = [Area(CO1) + 2×Area(CO2)]/ 

Area(Total C 1s); 

- Amount of oxygen contributing to oxide/ hydroxide: B% = Total O% × [1 – B × 

Total C%] ; 

- Stoichiometry Al:O of the aluminum oxide/ hydroxide: A%/ B%. 

 

If the material is an aluminum alloy containing Mg, especially when surface segregation 

of this element occurs, the amount of oxygen involved in MgO has to be taken into 

account.  Assuming that all of the surface Mg is in the oxide form, the oxygen amount in 

aluminum oxide/ hydroxide is B% = Total O% × [1 – B × Total C% – Total Mg%]. 

 

3.3.3 Ion Beam Analysis (IBA) 

 

Hydrothermally treated aluminum substrates developed a thick layer of oxide and 

hydroxide on the surface [64, 65, 138].  Because XPS analysis could only probe for the 10 

nm outermost layer [174], the oxide and hydroxide thickness on these surfaces could not 

be solely estimated from the XPS analysis.  Thus, ion beam analysis techniques were 

required to determine the composition and elemental depth profiles of the oxides on these 

surfaces.  This analysis was carried out at GNS Science (Wellington, New Zealand).  IBA 

techniques are highly sensitive, with the depth of analysis in the range from tens of 

nanometers to tens of micrometers.  Ion beams cause a variety of interactions with the 

targeted surface resulting in a range of techniques that can be used to measure the 

concentration and distribution of all elements in the periodic table.  The IBA techniques 

applied in this study are Rutherford Backscattering Spectrometry (RBS) and Elastic Recoil 

Detection Analysis (ERDA).  

 

In RBS, a beam of energetic ions such as 4He+ is directed onto the sample.  Some of the 

incident ions scatter elastically from target atoms within the sample and backscatter into a 

suitable detector, which counts the number particles and measures their energy.  The 

information contained in the scattered particles can be interpreted to give elemental 
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composition of the sample, the distribution of elements within the sample and the sample 

thickness [180].  

 

The ERDA technique has been widely used to measure the hydrogen content of surface 

oxide layers [181-183].  A 10 μm thick mylar film is attached in front of the ERDA 

detector to absorb all the scattered and recoiled atoms except hydrogen.  To estimate the 

depth resolution of the instrument, Si wafer’s implanted with H were used as calibration 

standards.  Based on the full width at half maximum (FWHM) of the H surface peak the 

depth resolution was estimated to be 50 nm at the sample surface.  Using these 

experimental parameters, the depth of analysis of hydrogen was approximately 800 nm 

[180].  The experimental conditions used for RBS and ERDA are shown in Table 3-5. 

 

Table 3-5. Ion beam analysis experimental conditions 

 RBS ERDA 

Ion beam:       4He+ 4He+ 

Particle energy: 2.5 MeV 2.5 MeV 

Total charge: 5 μC 20 μC 

Sample tilt angle: 0º 70º 

Detector angle: 165º 30º 

Detector filter: None 10 μm of Mylar 

Detector collimator: diameter = 1.0 mm diameter = 1.5 mm 

SBD detector area:  50 mm2 50 mm2 

   

 

3.3.4 Atomic Force Microscope (AFM) and surface roughness measurement 

 

AFM is a high resolution scanning probe microscope for imaging and measuring the 

surface topography at the nano-scale.  The instrument consists of a cantilever with a sharp, 

force-sensing tip at its end.  When the tip scans over the sample surface, the physical force 

between the tip and the atoms of the sample surface cause a deflection that is captured by 

a laser system (Figure 3.6), and used to produce a topographical image of the surface.  
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Figure 3.6 .Schematic illustration of the operation of the AFM [184]. 

 

The force between the tip and the atoms of the surface is calculated by the Hook’s law 

[184]: 

 

           [Equation 3.5] 

 

Where F is the force; 

 K is a constant and is a function of material and dimensions of the cantilever; 

 z is the motion of the cantilever. 

 

The interaction force between the probe tip and the surface can be repulsive or attractive 

(Figure 3.7), corresponding to contact and non-contact modes of AFM.  In contact mode 

or repulsive regime, the tip touches and scans horizontally across the surface while a 

feedback loop maintains a constant cantilever deflection using a piezoelectric positioning 

element.  This mode is widely used for its high scan speed and high resolution.  However, 

contact mode is not suitable for surfaces with electrostatic or capillary forces caused by 

surface contaminants because these forces attract the tip toward the surface and distort the 

results.  For weakly bound adsorbates or soft materials, non-contact mode is the better 

option.  This mode uses a cantilever oscillating at high frequency in the attractive regime.  

As the name suggests, the tip does not touch but is very close to the surface.  The 

interaction force between the tip and the surface is too small to affect the deflection of the 

cantilever, but sufficient to changes its amplitude of oscillation.              

 

zKF *−=
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Figure 3.7. Interaction forces between tip and the surface [184, 185].  

 

A NanoScope IIIa AFM was used in contact mode to measure surface roughness of the 

samples.  Surface roughness was evaluated by two parameters: the average surface 

roughness (Ra) and skewness (Sk). Ra, defined by Equation 3.6, represents the average 

distance between the surface and a mean centerline, but does not discriminate very well 

between peaks and valleys.  Figure 3.8 shows three different characters of the profiles 

with similar Ra values, suggesting that Ra cannot be solely used to describe the surface 

morphology.  To measure the degree of asymmetry of the distribution, skewness is used.  

The skewness is defined in Equation 3.7.  A negative skewness value indicates that the 

sample has more valleys than peaks, and the reverse for a positive skewness value [185].  

Combination of both Ra and Sk gives a better idea of the surface morphology in which 

either peaks or valleys are the main contribution to the surface roughness.  
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Where L is the evaluation length; 

z(x)  is the vertical distance from the mean line to data point x. 
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where  σ  is the standard deviation; 
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3μ  is the third central moment;  

 p(z) is the probability density of a distribution of heights;  

p(z)dz is the probability of a height lying in between the z and (z+dz). 

 

 
 

Figure 3.8. (a) Deviation of the average surface roughness Ra, (b) three profiles with 

similar Ra values [185]. 

 

3.3.5 Scanning Electron Microscopic (SEM) 

 

SEM was the primary tool used to characterise and classify the splat shapes.  This 

microscopic technique has very high resolution (nm scale), large depth of field and large 

depth of focus, making it possible for three dimensional imaging.   

 

In SEM, a focused electron beam with power up to 20 keV interacts with the sample to 

yield various electrons which are used to produce images of high resolution.  Figure 3.9 

(a) 

(b) 

x 
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shows a schematic of the interaction volumes and resulted radiations.  There are two main 

interactions between the energetic primary electron beam and specimen: elastic and 

inelastic.  The deflection of incident electrons from the outer shell or nucleus of the 

specimen atoms are elastic interaction with a negligible kinetic energy loss.  This type of 

interaction yields backscattered electrons.  In case of inelastic scattering, the specimen 

atoms absorb a considerable amount of energy from the primary electrons and release their 

own electrons (secondary electrons) as a result [186].  In addition to secondary electrons, 

inelastic interactions also cause the emission of Auger electrons, characteristic X-ray 

photons and cathodoluminescence.  Modern SEM instruments use energy dispersive 

spectroscopy (EDS) to detect the emitted x-ray’s for semi-quantitative analysis of the 

elemental composition. 

 

The topography of the sample surface and the atomic numbers of the surface elements 

affect the intensity of the secondary and backscattered electrons, which are used to 

generate SEM images of the specimen.  In principle, the areas exposed more to primary 

electrons yield more secondary electrons or backscattered electrons.  In addition, elements 

with higher atomic numbers yield more backscattered electrons.  In both cases, more 

secondary or backscattered electrons will be recorded if the examined areas are more 

direct in the line of sight of the detector.   

 

 
Figure 3.9. The signals generated from the interactions of the electron beam and 

sample in SEM and the regions from which the signals can be detected [187].  
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Secondary electrons (SE) 

 

The substantial energy loss during the inelastic interaction of the electron beam and 

material atoms leaves only a small amount of kinetic energy for secondary electrons, 

typically less than 50 eV (Figure 3.10-Region III).  There are some backscattered electrons 

with this low level of energy, but their presence is negligible [186].  Because of their low 

energy, secondary electrons can only escape from a depth of a few nanometers from the 

sample surface.  Thus, secondary electrons are used to generate the topographical image at 

a resolution approximating the size of the focused electron beam.  Secondary electrons are 

the most commonly used in SEM due to their higher intensity compared to other types of 

radiations. 

 

 
 

Figure 3.10. Energy distribution of electron emitted from the target: secondary 

electrons (Region III) and backscattered electrons (Region I+II) [186, 188]. 

 

Backscattered electrons (BSE) 

 

Backscattered electrons have kinetic energies greater than 50 eV (Figure 3.10- Region 

I+II). Due to their greater energy, backscattered electrons can escape from much deeper 

within the sample (more than 1µm) in comparison to secondary electrons.  Elements with 

higher atomic numbers can deflect more incident electrons, resulting in more 

backscattered electrons. Therefore, backscattered electron imaging is normally used to 

produce an image with good contrast between areas with different elements or chemical 

compositions [186, 188].  Figure 3.11 gives an example of the contrasts offered by SE and 

BSE images for NiCr splats on aluminum substrate.  

I

III 

II 

Energy
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Figure 3.11. Images of NiCr splats on aluminum substrate using (a) secondary 

electron imaging, and (b) backscattered electron imaging.   

 

The instruments used in this study are the Philips FEG XL30 SEM and the FEI Quanta 

200 FEG Environmental SEM, both at the Research Centre for Surface and Materials 

Science, University of Auckland.  The accelerating voltage was set at 5kV. 

 

3.3.6 Focused Ion Beam (FIB)  

 

Focused ion beam analysis has been extensively used to analyse splat cross sections and 

splat-substrate interfaces.  In general, FIB has a similar working principle to that of SEM.  

Both FIB and SEM have a source that emits charged particles which rastered and focused 

onto the sample surface for imaging.  However, FIB uses a finely focused beam of Ga+ 

ions whereas SEM uses an electron beam.  The primary ion beam can work at low currents 

for imaging or high currents for site specific sputtering [189].  The interaction between the 

primary ion beam and the specimen surface causes the emission of both secondary 

electrons and secondary ions, which are detected to produce topographical or cross 

sectional images of the specimen surface.    

 

The operation of a FIB is schematically shown in Figure 3.12.  The Ga+ ion beam with 

energy between 5 kV and 50 kV hits the sample surface and sputters a small amount of 

material, which leaves the surface as either secondary ions (i+ or i-) or neutral atoms (n0). 

(a) (b) 
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The primary beam also produces secondary electrons (e-).  As the primary beam scans 

over the sample surface, signals from the sputtered ions or secondary electrons are 

collected to form an image showing the topography of the specimen surface or trench 

cross-section.  

 

 
 

Figure 3.12. The FIB operation [189]. 

 

A recent application of this technique in thermal spray coating is the high resolution cross 

sectional observation of substrate features several micron deep through metallic splats on 

metallic substrates.  For example, section through NiCr splat on the aluminum substrate 

revealed the contact between the splat and the substrate, as can be seen in Figure 3.13. 

 

FIB has also been used to prepare thin electron transparent material sections for TEM 

analysis [190-192].  Traditionally, TEM analysis required thin cross-sectioning operations 

with many time consuming steps.  Sample preparation for TEM includes slicing and 

grinding thin sections from the bulk, followed by a profiling thinning to perforation.  

Thinning is performed by ion milling, using argon ions, which is found to damage the 

coating and introduce artefacts to the samples.  In addition, the location in the specimens, 

where thinning occurs, is not accurately controlled.  Consequently, the power of TEM 

analysis has been limited, especially for coatings. 

 

Sample 
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Figure 3.13. A cross sectional FIB image of a NiCr splat on an aluminum substrate. 

 

 

Recently, the FIB miller has been used to prepare TEM samples in material science.  The 

beam can be controlled to allow precise and localized regions of the specimen to be 

thinned for TEM analysis [193].  The typical time required to prepare cross-sectional 

sample for TEM using the FIB technique is from 1-3 hours compared to more than 10 

hours of conventional ion milling.  Because the ion beam can be directed to a very precise 

location, samples can be made very thin (< 100 nm).  

 

The FIB used to prepare the samples for TEM analysis in this research was a dual beam 

high resolution Fei xT Nova Nanolab 200 (Hillsboro, USA).  The column layout of the 

Dual beam system is shown in Figure 3.14.  In this instrument, a SEM-type electron 

column is mounted in a vertical position on the vacuum chamber while a conventional FIB 

ion column lies at an angle of 52º to the horizontal.  As a result, both the electron and ion 

beams can be coincident on the same region of the sample.  This allows simultaneous 

milling using the ion column with high resolution imaging with the electron beam.  In 

addition, the electron column could be used to generate X-rays, photons, or backscattered 

electrons which were used to generate chemical or crystallographic data. 

NiCr 

Aluminum  
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Figure 3.14. Schematic of the dual beam column layout [189]. 

 

Although FIB technique is among the most important tools for materials characterization, 

this method has some shortcomings.  The main drawback of FIB is linked with the use of 

high energy ion beam (typically 30kV Ga+ ion) for milling process which may sputter of 

surface atoms away and then damage the material’s structure.  To reduce this damage, 

several milling procedures have been proposed.   

 

- A thin line of approximately of 1 µm thick platinum or gold strip is usually 

deposited on the top of the area of interest to protect the top surface out of damage 

and to bind the fragile specimens together in the final milling stage. 

- The energy Ga+ ions beam is reduced to 5kV in the milling process.  

- Argon ion milling at low energies with very shallow incidence angles is used 

instead of using Ga+ ions [191, 193]. 

 

3.3.7 Transmission Electron Microscope (TEM)  

 

The contact between splats and the substrate, the numbers of voids formed at the interface, 

the extent of substrate melting and the deformation of the surface oxide were the main 

areas of analysis of this research.  Therefore, it was necessary to characterise both the 

composition and microstructure at the splat-substrate interface at very high resolution.  

TEM is the technique that offers highest lateral resolution available for materials research 

Vacuum chamber 

Electron column 

Ion column 

52° 
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with a large depth of focus.  This analysis was carried out in collaboration with Electron 

Microscope Unit, University of New South Wales, Australia.   

 

Similar to SEM, TEM uses a focused beam of electrons to produce an image of the 

specimen. However, the electron beam in TEM is transmitted through an ultra thin slice of 

the specimen.  In addition, TEM operates at a much higher accelerating voltage in the 

range of 100-400 keV to produce a very high resolution image [194].  The technique 

reveals information about the internal structure and chemical information of samples.  

However, this powerful technique requires high vacuum and ultra thin (usually less than 

100 nm) cross section specimens.   

 

TEM imaging was carried out using a Philip CM 200 (Eindhoven, The Netherlands) with 

an Energy Dispersive x-ray Spectroscopy (EDS) module attached.  The TEM gun was 

operated at 200 keV.  Sample cross-sections prepared by FIB were transferred by a micro-

manipulator onto a carbon coated copper grid within the analysis chamber of the 

instrument.  To examine the interface as well as the grain structure, bright field images 

were taken based on the contrast arising from either the difference in absorption of various 

materials or from grain orientation.  Elemental mapping was used to examine the nature of 

the splat-substrate interface.  To further determine the composition of oxides or inter-

metallic compounds at the interface, electron diffraction was used to assist in the 

identification of each phase.  

 

3.3.8 Image processing by ImageJ 

 

The SEM images of collected splats were quantitatively analysed by ImageJ, an image 

processing and analysis software package [195].  This software was used to count the 

number of splats and determine their edges, area, periphery, Feret’s diameter and 

circularity.  The splat perimeter was defined as the length of the outside boundary of each 

splat.  Feret’s diameter was defined as the longest distance between any two points on the 

boundary of the splat, and circularity was calculated by Equation 3.8. 
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π       [Equation 3.8] 
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A value of 1 indicates a perfect circle splat and a value near zero indicates a fingered splat.   

 

Backscattered electron images which clearly distinguished splats and substrates were used 

for quantification.  For each sample, 25 random areas of about 1 mm2 containing 

approximately 300 splats were analysed.  The brightness and contrast of the images was 

adjusted to obtain clearer images. The images were also “sharpened” and “despeckled” to 

detect the splat edges and remove noise.  With overlapped splats, a thin white line was 

manually inserted along the boundary to separate them.  The images were then 

thresholded to highlight the features of interest.  The paintbrush tool was also used to paint 

the splats of interest.  Images were finally “despeckled” again to remove any remaining 

noise (see Figure 3.15).  After processing, images were analysed to obtain information on 

the number of splats, the area, perimeter, circularity and Feret’s diameter for each splat.  

Microsoft Excel software was used for statistical analysis.  

 

 

 
Figure 3.15. (a) Raw back scatter SEM image, and (b) the final result for analysis 

with separate splat.  

 

 

(a) (b) 
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CHAPTER 4. SURFACE CHEMISTRY AND 

MORPHOLOGY OF ALUMINUM  
 

 

4.1 Introduction 
  

It is well-known that the formation and topography of splats formed during thermal spray 

are significantly affected by both the surface chemistry and morphology of the substrate 

[21, 24, 25, 38-41, 48, 49, 52, 54, 55, 59, 196].  Hence, characterization of the substrate 

surface is of particular interest for thermal spray research.  In this chapter, the aluminum 

substrates were modified by thermal and hydrothermal treatments to control the surface 

chemistry and the surface roughness.  The resultant surface chemistry was characterized 

using a high resolution surface spectroscopic analysis technique, X-ray Photoelectron 

Spectroscopy (XPS).  In addition, Ion Beam Analysis (IBA), Focused Ion Beam (FIB) and 

Transmission Electron Microscopy (TEM) were also used to determine the surface oxide 

composition and thickness where XPS analysis was not applicable.  The substrate surface 

morphology was examined by both Scanning Electron Microscopy (SEM) and Atomic 

Force Microscopy (AFM).    

 

4.2 Substrate surface chemistry 
 

Six pretreatments, namely polishing (P), polishing and preheating (PT), polishing and 

heating during spraying (PH), boiling (Bx), boiling and preheating (BxT), and boiling and 

heating during spraying (BxH) were performed on aluminum alloy 5052 substrates.  The 

treatments were chosen to investigate the effects of water release on splat formation.  P, 

PT and PH samples were planned as the surfaces with low content of water.  While Bx 

samples could be expected to release a significant amount of water vapour, the preheating 

(BxT) or heating during spray (BxH) reduced the water content before splat impacts.  

 

The polished and degreased sample (P) formed a protective layer of native oxide up to 4 

nm in ambient conditions [140, 167, 170].  The morphologies of splats formed on this 

smooth surface were used as a reference to compare with those formed on surfaces 
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transformed using different thermal or hydrothermal treatments.  As mentioned in 

Chapters 2 and 3, the hydrothermal treatment was used to develop a thick layer of oxide 

and hydroxide on the surface and to produce a rough surface.  The subsequent thermal 

treatment of the polished and boehmitised surfaces at 350°C for 90 minutes was 

performed to test whether the reduction in hydroxide content affects the splat formation. 

The roles of both surface chemistry and surface roughness on splat formation were 

evaluated based on the variation in substrate surface conditions introduced by the 

hydrothermal and thermal pretreatments.  

 

The pretreated samples used for splat deposition were kept in a desiccator prior to 

spraying for one day and exposed to the atmosphere for approximately 60 minutes during 

the setup before spraying.  To be comparable, a set of pretreated samples were also kept in 

a desiccator for one day, exposed to the atmosphere for 60 minutes, and then analysed by 

XPS.  Another set of samples were analysed by XPS immediately after thermal or 

hydrothermal pretreatment to check if the surface chemistry changed significantly in the 

atmosphere during the 60-minute exposure.  The immediately analysed set of samples are 

denoted with a lower case letter ‘i’.  

 

As discussed fully in Chapter 2, Section 2.9, aluminum surfaces are covered with oxide/ 

hydroxide layers (i.e. Al2O3, Al(OH)3, AlOOH).  The composition and thickness of these 

layers depends strongly on the local environment, pretreatment, and a variety of other 

parameters.  Thermal or hydrothermal treatment changes the relative amount of these 

species and induces segregation of some elements to the surface due to differences in their 

respective free energy of oxide formation.  Such changes can be detected by high 

resolution X-ray photoelectron spectroscopy analysis.  For the reproducibility of the 

results, two samples of each treament were analysed and the average values are reported in 

this study.  A typical survey scan of a polished aluminum surface (P) is shown in Figure 

4.1.  From the survey scans, atomic compositions of the sample were calculated and 

presented in Table 4-1.  All the spectra show peaks of aluminum (Al), oxygen (O), and 

adventitious carbon (C).  Additional peaks of sodium (Na), calcium (Ca), and fluorine (F) 

were observed at low intensities for the P and PT samples.  The presence of these trace 

elements was attributed to contamination from tap water during the washing and cleaning 

regimes.  In the oxidized form, these elements could contribute to the intensity of the 
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oxygen peak.  However, the low intensity of the elemental peaks suggested that the 

contribution to the oxygen peak was negligible.  

 
Figure 4.1. Typical XPS survey scan of a polished aluminum sample (P). 

 

Table 4-1. Surface compositions (atomic %) of the samples following various 

pretreatments. 

Sample O 1s Al 2p C 1s Mg 2p Ca 2p Na 1s F 1s 

P 48.78 37.16 9.90 2.55 0.99 0.34 0.27 

PT 47.00 26.15 16.42 10.32 - - 0.11 

B1 62.15 29.56 8.29 - - - - 

B1T 59.68 35.06 5.26 - - - - 

B30 65.5 30.9 3.6 - - - - 

B30T 57.68 30.11 12.2 - - - - 

 

 

4.2.1 Air formed film on polished aluminum surface 
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Composition and thickness of the oxide layer on the samples analyzed immediately after 

pretreatment    

 

The narrow scans of O 1s from the Pi and PTi samples are shown in Figure 4.2a and 

Figure 4.2b respectively.  Hydroxide was detected on both the Pi and PTi surfaces, but at 

different concentrations.  The surface of the Pi sample was covered with a layer of 

adsorbed water and hydroxide, which were attributed to the hydration of the native oxide 

by atmospheric moisture.  However, the hydroxide proportion (30.4%) was much smaller 

than that of oxide (65.6%) (Figure 4.2a).  Preheating the aluminum substrate at 350°C for 

90 minutes resulted in a noticeable change in the shape of the O 1s peak (Figure 4.2b). 

Adsorbed water was no longer detected on the PTi surface.  In addition, the relative 

intensity of the hydroxide component was significantly reduced compared to that on the Pi 

surface (5.3% vs 30.4%).  These changes represented the dehydration of the surface 

hydroxide to oxide under thermal treatment.      

 

The ratios between oxygen and aluminum contributing to oxide O and Al for the Pi and 

PTi samples were calculated according to the procedure discussed in Chapter 3, section 

3.3.2.  The O:Al ratio changed from 1.82 for Pi to 1.65 for PTi.  Both of these values were 

consistent with a film containing aluminum oxide (Al2O3, O:Al ratio = 1.5), boehmite 

(AlOOH, O:Al ratio = 2), and probably gibbsite (Al(OH)3, O:Al ratio = 3) .  The lower 

O:Al ratio on the PTi surface suggested that the surface contained less hydroxide ions 

compared to that on the Pi surface.  In addition, the O:Al ratio of 1.65 for the PTi sample 

approached the value of alumina, suggesting that the PTi surface was primarily composed 

of Al2O3.  The lower O:Al ratio of the PTi surface was also consistent with the drop in 

hydroxide concentration on the surface due to the dehydration.  

 

The presence of the metal peak in the Al 2p envelop of both Pi and PTi samples indicated 

that the oxide layers formed on those surfaces are thinner than the XPS analysis depth (10 

nm) [174].  The surface oxide thickness was estimated from the Al 2p oxide:metal ratio 

(AO:AM) using Strohmeir’s equation [63-65].  Thermal treatment at 3500C for 90 minutes 

increased the thickness of the surface oxide layer slightly from 3.2 nm to 5.1 nm.  
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Figure 4.2. Narrow scan of O 1s and Al 2p of (a) polished (Pi) and (b) polished and 

thermally treated substrate at 350°C for 90 minutes (PTi).  Both samples were 

analysed by XPS immediately after pretreatments. 

 

Composition and thickness of the oxide layer of the substrates used for splat deposition 

 

One-day storage in a desiccator followed by 60-minutes exposure to the atmosphere of the 

polished aluminum sample (P) resulted in an increase in the hydroxide proportion 

compared to the Pi sample, as shown in Figure 4.3.  The O 1s peak deconvolution 

indicated 40.2% of hydroxide on the P surface compared to only 30.4% of that on the Pi 

surface.  During the exposure to the atmosphere, the adsorbed water content slightly 

increased as expected and contributed to the slight growth of the surface oxide layer from 

3.2 nm to 3.4 nm in thickness.  
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Similarly, there were differences in the hydroxide proportion and adsorbed water content 

between the PT and PTi surfaces (Figure 4.3).  It was reported that thermal treatment of an 

aluminum substrate at 350°C resulted in an amorphous oxide on the surface [175].  In 

addition, thermal treatment may partially activate the surface.  As a result, the amorphous 

oxide on the surface readily reacted with atmospheric moisture to form hydroxide, 

resulting in an increase of the hydroxide proportion from 5.3% on the PTi surface to 

14.4% on the PT surface.  The oxide thickness increased slightly from 5.1 to 5.5 nm.       

 

The O:Al ratio of both P and PT surfaces, which were 1.94 and 1.72 respectively, also 

increased slightly with expose time.  The increase of this ratio indicated the increased 

hydration of the samples after exposure the samples to the atmospheric moisture.  This 

confirmed the important role of atmospheric moisture in film growth on the aluminum 

surface. 

 

It was also observed that the surface concentration of magnesium increased to over 10% 

for the thermally treated samples from the bulk concentration of about 2.5% in aluminum 

alloy 5052.  The increase was due to the segregation of magnesium to the surface which 

has been extensively studied [149, 175, 197-203].  The segregation of Mg to the surface 

was attributed to its reaction with Al2O3 or adsorbed O2 to form either MgO or MgAl2O4 

spinel following the reactions below [150, 204].  

  

 3Mg + Al2O3 = 3MgO + 2Al,  ΔG = -128.4 kJ   [Equation 4.1] 

 3Mg + 4Al2O3 = 3MgAl2O4 + 2Al ΔG = -168.3 kJ   [Equation 4.2] 
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Figure 4.3. Comparison of the surface hydroxide and adsorbed water concentration 

of samples analysed immediately after pretreatment (Pi and PTi), and after storage in 

a desiccator for one day and subsequent exposure to atmosphere for 60 minutes (P 

and PT). 

 

4.2.2 Hydrothermal treatment of aluminum  

 

From the previous section, it was found that thermal treatment of the polished aluminum 

surface resulted in the conversion of hydroxide to oxide and a slight increase of the oxide 

thickness.  The release of water vapor from the dehydration of the surface hydroxide and 

the oxide layer may affect the adhesion of splats on the substrate during coating build up.  

There is uncertainty with literature about the effects of oxide and hydroxide on splat 

formation.  It has been reported that a thin layer of the oxide did not contribute to splat 

formation and morphology [40].  Trompetter et al. [180] confirmed that no NiCr splat 

formation occurred on a boehmitised substrate with a thick layer of hydroxide (~600 nm) 

during high velocity air fuel (HVAF) spraying.  However, a significant number of splats 

were found on the aluminum substrate with a thick layer of aluminum oxide (~630 nm).  

Thus, it has been suggested that the absence of the splat formation on the boehmitised 

surface was due to the thick layer of surface hydroxide which dehydrated to form 

aluminum oxide and released water vapor [180].  To investigate the effects of a significant 

amount of released water on the bonding between particles and substrates, hydrothermal 

treatment was employed to produce a thick layer of hydroxide or pseudo-boehmite on the 

surface [138, 139, 147, 148, 205].  
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In this study, the polished aluminum was immersed in boiling de-ionised water (Bx) for 

different times (x, minutes) in which x had the value of one minute or 30 minutes. 

Subsequent thermal treatment was in air at 350°C for 90 minutes. The elemental 

composition of these aluminum surfaces are shown in Table 4-1.  

 

Hydrothermally treated surfaces of aluminum produce surface layer that are mostly 

pseudo-boehmite AlOOH [138, 139, 147, 148, 205].  The reaction with water proceeds 

according to Equation 4.3, and Equation 4.4.  It is also expected that a thin layer of 

gibbsite is formed on the top of the surface according to Equation 4.5.  Thus, the 

photopeak (OH) represents both pseudo-boehmite (AlOOH) and gibsite (Al(OH)3) in this 

case.  Again, two sets of boiled and boiled and thermally treated aluminum samples were 

analysed by XPS.  One set was analysed immediately after treatment (Bxi) whilst the other 

set was stored in a desiccator for one day after pretreatment, exposed to the atmosphere for 

60 minutes and then analysed by XPS (Bx).  

 

2Al + 4H2O  = 2AlOOH + 3H2     [Equation 4.3] 

Al2O3 + H2O  = 2AlOOH      [Equation 4.4] 

2Al + 6H2O  = 2Al(OH)3 + 3H2     [Equation 4.5] 

 

It was found that the proportion of surface hydroxide for the B1i sample was significantly 

different from that of the P surface.  The B1i sample had nearly equal proportions of oxide 

and hydroxide (Figure 4.4 and Figure 4.5) compared to 65.6% and 30.4% for oxide and 

hydroxide respectively in the Pi sample.  In addition, the atomic ratio between O:Al was 

larger than 2, indicating the formation of mainly pseudo-boehmite, AlOOH, on this 

surface. The thermal treatment after hydrothermal treatment (sample B1Ti) also introduced 

a significant change in the surface chemistry.  Firstly, the hydroxide concentration was 

significantly reduced from 52.1% to 6.5% (Figure 4.5).  Secondly, the O:Al ratio 

decreased from 2.05 to 1.67.  These changes were consistent with the dehydration of 

hydroxide (OH) to oxide (Al2O3) following the Equation 4.6 and Equation 4.7.  These 

findings were in good agreement with the observation by Alwitt [138, 139] that hydroxide 

or pseudo-boehmite and gibsite is readily converted to oxide with thermal treatment.             

 

2AlOOH → Al2O3 + H2O       [Equation 4.6] 

2Al(OH)3 → Al2O3 +3 H2O       [Equation 4.7] 
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Figure 4.4. Peak fitting of the O 1s and Al 2p photopeaks of (a) boiled (B1i) and (b) 

boiled and thermally treated substrate at 350°C for 90 minutes (B1Ti).  Both samples 

were analysed by XPS immediately after pretreatment. 

 

The surface chemistry of the samples which were hydrothermally treated and exposed to 

the same ambient conditions as the samples used for splat deposition were also analyzed 

by XPS.  There was no observable change in the surface chemistry between B1 and B1i 

samples.  To further investigate the stability of the B1 surface in the atmosphere, the B1 

sample was exposed to ambient conditions for one week before XPS analysis.  Again, the 

content of surface hydroxide remained unchanged.  This stability reflected the saturation 

of the boiled aluminum surface by ambient moisture.  In contrast, the thermal treatment of 

the boiled sample at 350°C for 90 minutes dehydrated the hydroxide layer of the B1Ti 

sample.  However, the formed oxide easily rehydrated during exposure to moisture in the 

atmosphere (sample B1T), resulting in significant increase of the hydroxide concentration 

as can be seen in Figure 4.5.  
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Figure 4.5. Comparison of the surface hydroxide concentration of samples analysed 

immediately after pretreatment (B1i and B1Ti), and after storage in a desiccator for 

one day and subsequent exposure to atmosphere for 60 minutes (B1 and B1T).  

 

The surface chemistry of the B30 sample was also analysed by XPS.  The results 

confirmed the formation of the pseudo-boehmite on the surface.  Subsequent thermal 

treatment of the boiled samples at 350°C for 90 minutes resulted in the reduction of the 

surface hydroxide due to dehydration to oxide.  

 

One key feature of both the boiled and boiled and thermally treated samples was that there 

was no metal peak in the Al 2p spectra (Figure 4.4).  The absence of the metal peak 

indicated that the oxide/ hydroxide film formed on those surfaces was thicker than the 

XPS analysis depth (10 nm) [174].  Thus, the oxide/ hydroxide thickness on those surfaces 

could not be solely estimated from the XPS analysis.  In addition, the changes in surface 

chemistry observed above were only for the 10 nm outermost layer within the XPS depth 

of analysis.  Other techniques were required to check if the dehydration and re-hydration 

of the surface hydroxide on these boiled samples extended beyond 10 nm. 

 

Unlike the case of the polished and polished and thermally treated samples, there was no 

evidence of surface enrichment of magnesium on both the boiled and boiled and thermally 

treated samples as a result of hydrothermal and subsequent thermal treatments.  This 

observation was attributed to the thick layer of surface oxide and hydroxide, which 
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inhibited the contact between magnesium and ambient oxygen as well as hindering the 

detection of the element at the metal – oxide/ hydroxide interface.   

 

4.2.3 Thermal treatment of polished or boiled aluminum in vacuum 

 

Thermal treatment of polished or boiled aluminum substrates resulted in changes in the 

surface chemistry, particularly the desorption of water and the dehydration of the surface 

hydroxide to oxide.  To understand the effects of heating temperature and heating time on 

these changes, a polished aluminum sample was examined in-situ with XPS.  Thermal 

treatment of the sample was carried out at the pressure less than 10-8 torr in the XPS 

analysis chamber.  The temperature was increased from room temperature to 350°C with 

steps of 50°C, with a holding time of 30 minutes at each interval.  Wide scans and narrow 

scans were obtained at each temperature.  The sample was labeled “PH” in which H stands 

for heating during analysis.  

  

There was an apparent change of surface chemistry with heating, as evidenced by the 

evolution of the O 1s peak (Figure 4.6).  When the temperature was raised to 100°C and 

held for 30 minutes, the OW peak vanished.  This indicated that the adsorbed water was 

completely driven off at 100°C.  As the temperature rose further, the peak intensity of the 

OH peak gradually decreased whilst that of the OO peak increased.  This is consistent 

with the conversion of hydroxide to oxide through dehydration, which has been reported 

in the range from 250°C to 350°C [139, 140].  It was also found that the concentration of 

surface hydroxide decreased with heating temperature but did not vanish, as can be seen in 

Figure 4.6 and Figure 4.7.  The small concentration of hydroxide remaining on the surface 

at 350°C suggested that heating at 350°C for 30 minutes was neither hot enough nor long 

enough to fully dehydrate the surface hydroxide. 
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Figure 4.6. Variation in the O 1s, Al 2p and C 1s photopeaks of the P surface with 

heating temperature. 
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Figure 4.7. The variation of oxygen species of the P surface as a function of heating 

temperature. 

 

There was an increase in the surface concentration of magnesium with increasing heating 

temperature (Figure 4.8).  In contrast, it was also observed that the intensity of the 

photopeaks CO1 and CO2 significantly decreased with increasing heating temperature and 

varnished at the temperature of 3500C, as can be seen in Figure 4.6.  The presence of CO1 

and CO2 photopeaks in the C 1s envelop were expected due to the adsorption of acetone 

and alcohol used in the sample cleaning regime.  Thus, the reduction of CO1 and CO2 in 

the C 1s envelop was consistent with the evaporation of solvent upon heating in high 

vacuum.      

   

Werrett et al. [149] confirmed that the driving force for Mg segregation to the surface was 

the formation of magnesium oxide by reaction with oxygen at high temperature.  Thus, no 

Mg segregation was observed with thermal treatment in vacuum [149].  It was expected 

that the reduction of carbon concentration from the surface with heating temperature 

resulted in the increase the strength of other peaks including Mg peaks. As a result, the 

apparent increase of Mg concentration with heating temperature, as can be seen in Figure 

4.8, might be related to the removal of carbon from the surface.    
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Figure 4.8. Concentration of carbon and magnesium of the P surface as a function of 

heating temperature. 

 

The variation in the O:Al ratio with heating temperature was calculated and shown in 

Figure 4.9.  This showed in a marked decrease in the O:Al ratio.  The reduction of both the 

O:Al ratio and the hydroxide concentration was consistent with the conversion of 

hydroxide to oxide with heating.  In addition, the O:Al ratio for the sample at the 

temperature of 350°C was 1.6 which indicated that complete dehydration of the hydroxide 

to the stoichiometry of aluminum oxide (O:Al = 1.5) was not achieved.  This result 

suggested that heating at 350°C for 30 minutes was neither high enough nor long enough 

to completely convert the hydroxide to oxide.  

 

As can be seen in Figure 4.6, the peak intensity of aluminum oxide increased with heating 

temperature.  In addition, the presence of the metal peak confirmed that the oxide 

thickness was less than XPS analysis depth.  The oxide thickness was calculated using 

Strohmeier’s equation [63-65] and was presented in Figure 4.9.  The oxide thickness 

increased slight in the early stages of heating.  However, the oxide thickness increased 

sharply when the heating temperature was higher than 250°C.  
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Figure 4.9. Surface oxide thickness and ratio (O:Al) of the P surface as a function of 

heating temperature. 

 

The changes in surface chemistry due to heating of the boiled aluminum samples were 

also studied in-situ with the XPS from room temperature to 350°C.  The results also 

confirmed that the dehydration of hydroxide to oxide occurred.  Figure 4.10 shows that the 

hydroxide concentration decreased from 50.3% at room temperature to 2.8% at 350°C.  

The peaks for the sample at 350°C were broader than those at room temperature (FWHM 

2.5 and 2.0 eV respectively).  The broadening was due to the greater capacitance effect 

associated with thicker oxide layer on the surface of the sample at 350°C. 

 

Magnesium was not detected on the surface of the boiled aluminum sample after heating.  

Boiling the sample produced a double oxide-hydroxide layer on the surface without the 

segregation of Mg due to the short boiling time of one minute.  Subsequent heating in 

vacuum was also lack of the thermodynamic driving force for surface segregation of Mg.  

However, there could be Mg segregation from the bulk to the metal-oxide interface where 

Mg metal reduced Al oxide. Such segregation were not detectable by XPS, which was 

hindered by the formation of thick oxide and hydroxide layers on the surface     
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Figure 4.10. Peak fitting of the O 1s peak spectra shows a significant decrease in 

surface hydroxide of the B surface when the heating temperature increased from 

25°C to 350°C. 

 

4.2.4 Oxide thickness on hydrothermal treated aluminum studied by Ion Beam 

Analysis (IBA), Focused Ion Beam (FIB) and Transmission Electron 

Microscopy 

 

Due to the limitations of XPS in analysing the thick oxide/ hydroxide layer on the 

hydrothermal treated surfaces, Rutherford backscattering spectroscopy (RBS) and elastic 

recoil detection analysis (ERDA) were used.  These IBA techniques can analyse the 

composition and obtain elemental depth profiles of surface oxides with high sensitivity. 

With the analysis depth in the range from tens of nanometers to tens of micrometers, IBA 

techniques are capable of analyzing the thick oxide/ hydroxide film on the hydrothermal 

treated aluminum samples.  IBA was carried out by GNS Science (Wellington, New 

Zealand).  The time between sample preparation and IBA analysis was three days.  

 

The RBS and ERDA results for the samples B1, B30 and B30T are presented in Figure 

4.11.  Hydrothermal treatment of aluminum resulted in a duplex structure consisting of an 

outer layer of hydroxide (AlOOH) and an inner oxide layer (Al2O3) on the substrate 

surface.  These results agree with reported findings in the literature [138, 139, 142]. 

Hydrothermal treatment of aluminum for one minute developed a 279 nm thick layer of 

combined AlOOH and Al2O3, indicating the high reactivity of aluminum with boiling 
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water.  It has been reported that the reaction between aluminum and boiling water takes 

place with an induction period followed by a reaction period [138].  The induction period 

is the time for surface reaction sites to achieve the critical size required to sustain the 

oxidation reaction.  The length of the induction period is independent of pH but depends 

on other factors.  Most notably the length of the induction period decreases with 

increasing temperature.  During the following reaction period, amorphous oxide is formed 

and subsequently dissolved.  Due to the low solubility of aluminum oxide in water, the 

dissolved species precipitates as hydroxide on the surface [138].  The formation of surface 

hydroxide protects the underlying metal from further reaction.  As a result, the reaction 

rate is extremely rapid in the growth period but stagnant in the final stage when the 

hydroxide layer thickens [138, 139, 206].  

 

Alwitt et al. [138] found that the induction period for the reaction between aluminum and 

water at 100°C is significantly shorter than one minute.  The formation of a 279 nm thick 

oxide layer on the B1 sample in this work supports this conclusion.  Increasing the boiling 

time to 30 minutes resulted in a slight increase in the total oxide thickness to 292 nm. 

However, the makeup of this layer changed with increasing boiling time.  The hydroxide 

thickness increased from 70 nm on the B1 surface to 140 nm on the B30 surface.  The 

insignificant increase of total oxide thickness with boiling time is consistent with the 

suggestion of Alwitt et al. [138, 139] that the reaction rate considerably slows with 

extended boiling time.  Nevertheless, longer boiling time allows more hydrolysis of 

amorphous oxide to form hydroxide at the outermost surface, resulting in a doubling of the 

thickness of the hydroxide layer on the B30 surface compared to that on the B1 surface. 

 

There was no observable difference in composition or thickness between the B30 and the 

B30T samples.  It was mentioned in Section 4.2.2 that thermal treatment of boiled 

aluminum samples caused the dehydration of hydroxide to oxide.  However, those 

detectable changes were limited to the XPS analysis depth of several nanometers only. 

Besides, the oxide was very active and readily rehydrated to form hydroxide in the 

presence of atmospheric moisture.  Thus, the similar hydroxide thicknesses of B30 and 

B30T samples, which were kept outside for three days, were observed by IBA.  
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Figure 4.11. The oxide compositions and thickness of the samples determined by 

IBA. 

 

The Bx and BxT surfaces were examined by SEM.  Typical SEM images of the B1 and 

B30 samples are shown in Figure 4.12a and Figure 4.12b respectively.  A significant 

number of localized individual particles or lumps were distributed across the surfaces.  

The number of lumps was greater on the B30 surface than on the B1 surface.  Close up 

images of the surface revealed a fine highly porous microstructure (Figure 4.13b), which 

is similar to the appearance of boehmite reported elsewhere [142, 143, 205].  
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Figure 4.12. SEM images of aluminum surface after hydrothermal treatment for (a) 

one minute, and (b) 30 minutes. 

(a) B30 

(b) B1 
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Figure 4.13. (a) Images of typical individual particle/lump on the Bx/BxT surfaces, 

and (b) typical porous structure of the Bx/BxT surfaces. 

 

Energy Dispersive Spectroscopy (EDS) of the hydrated surface in the areas (a and b) 

marked in Figure 4.13a are presented in Figure 4.14.  The presence of aluminum and 

oxygen peaks reflected the formation of oxide/ hydroxide on the flat surfaces (Point a).  

However, the EDS analysis of the lump on the surface, point B, revealed the presence of 

additional magnesium, silicon and iron (b).  EDS analysis on other locations throughout 

the surface confirmed that these results were typical. 
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Figure 4.14. Energy Dispersive Spectroscopy of the boiled aluminum sample through 

(a) the flat part of the surface, (b) and through the lump on the surface. 

 

Further investigation by Focused Ion Beam (FIB) and Transmission Electron Microscopy 

(TEM) cross sections were carried out to examine the oxide layer at and around the lumps 

on the Bx and BxT surfaces.  Figure 4.15a shows the typical FIB cross section of the B1 

surface which was across a lump (1) on the surface.  A thin layer of platinum is always 

deposited on the sample surface to protect the surface from collateral damage of the ion 

beam, and thus was observed on the image.  As can be observed through the higher 

magnification images, the oxide layer (2) was seen as a dark layer on the surface with a 

regular thickness of approximately 290 nm.  This value is slightly greater than the IBA 

result, which depends on depth calibration.  The cross sectional image at the position of a 

lump shows a particle (3) surrounded by a thick oxide layer of 4.8 µm deep.  At high 
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magnification, the image revealed a porous structure (4) at the top of the lump, whilst the 

deeper part was quite dense.  These observations and the EDS spectrum above (Figure 

4.14) suggest that the lumps were oxides that were formed on Al-Fe-Mg intermetallic 

particles which normally present in aluminum alloys.  The porous structure at the top of 

intermetallic particles represents crystalline hydroxide described by Wefers and Misra 

[140].  The crystallisation occurs more favorably at the sites of intermetallic particles 

which facilitate initial nucleation due to their irregularities.   

 

Another cross sectional FIB image through a lump on the B30 surface is shown in Figure 

4.15b.  Again, a regular oxide layer (2) of 350 nm thick was observed through the flat part 

of the surface.  A significant amount of porous oxide was observed through the lump with 

the maximum thickness of 5.5 µm.  The aluminum oxide layer was also observed by TEM 

cross section and elemental maps (Figure 4.16).  The oxide thickness through the flat part 

of the B30 surface was estimated at 352 nm approximately.  
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Figure 4.15. Typical cross-sectional FIB images on (a) B1 and (b) B30 surfaces show 

a regular oxide layer through the flat part of the surface and the presence of 

intermetallic particles surrounded by a large amount of oxide through the lump on 

the surface.   

 

 

4 Porous structure 

Platinum (Pt) 

Aluminum (Al) 

2 µm 

4.8 µm0.29 ±0.02 µm 

5 µm 

1 µm

1 Lump 

3 Intermetallic
2 Oxide 

4 Porous structure 

1 Lump 

0.35 ±0.03 µm 

5.5 µm

2 µm 

A A 

10 µm 

(a) 

(b) 

2 Oxide 



89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16. TEM images and elemental maps of the oxide layer on the B30 surface. 

This figure shows that the surface oxide was 352 nm approximately.   

 

The above surface chemistry results by IBA were for the samples which were exposed to 

atmosphere for 3 days.  It was confirmed by XPS (Section 4.2.2) that the Bx surface was 

saturated by hydrothermal treatment.  The hydroxide concentration on the outermost 

surface of the Bx was unchanged even after 7 days of atmospheric exposure.  It has been 

reported that the hydroxide at the outermost surface protects the underlying metal from 

further hydration [139, 140, 144, 146].  Thus, the IBA results of the oxide and hydroxide 

thickness accurately reflected the surface chemistry of the boiled samples used for splat 

deposition.  

 

XPS analysis confirmed that thermal treatment of the boiled samples resulted in 

dehydration of the surface hydroxide to oxide.  The 60-minute exposure of the BxT 

samples to atmosphere before spraying induced the re-hydration of the oxide to form 

hydroxide.  Due to the limitation of the XPS analysis which probe only 10 nm thick of the 

outermost surface, the degree of dehydration and thickness of the hydroxide layer of the 
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BxT surfaces which were used for splat deposition were not precisely determined.  

Similarity, for the case of the BxH surface, certainly the outermost 10 nm of hydroxide 

was dehydrated, but the degree of dehydration of the underlying layers at 350°C for 30 

minutes could not be established.  

 

4.3 Surface morphology 
  

The surface morphology of the aluminum samples modified by thermal and hydrothermal 

treatments is presented in Figure 4.17.  It was observed that both the P and PT surfaces 

were relatively flat, except for polish lines.  Due to the formation of hydroxide crystals 

amplifying the presence of intermetallic particles, the topography of the Bx and BxT 

surfaces was considerably difference to that of the P and PT surface. 



91 

 
Figure 4.17. SEM images of pretreated surfaces: (a) P, (b) PT, (c) B1, (d) B1T, (e) 

B30, and (f) B30T surfaces. 

 

Surface roughness was evaluated by two parameters:  average surface roughness (Ra) and 

skewness (Sk) using atomic force microscopy (AFM) on a scan size of 5×5 μm.  Ra gives 

the average distance between the surface and a mean center line, whilst Sk is used to 

measure the height distribution.  A negative skewness value indicates that the sample has 

more valleys than peaks, and the reverse for a positive skewness value.  The combination 
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of both Ra and Sk gives a better idea of the surface morphology, including whether peaks 

or valleys are the main contribution to the average distance to the center line.  

 

Topographies of the aluminum substrates following different pretreatments are shown in 

Figure 4.18 and the corresponding roughness values are presented in Figure 4.19.  These 

results revealed that thermal treatment had no significant effect on the macroscopically 

smooth surface of polished aluminum.  However, the treatment resulted in a slight 

increase in roughness of the surface due to a limited amount of oxidation.  The small 

negative value of Sk for both the P and PT surfaces indicated that the surfaces had less 

peaks than valleys, which were primarily fine scratch lines.  These scratch lines were 

partially filled by additional oxide formed during the heat treatment and thus show a less 

negative value of Sk. 

 

The oxide and hydroxide thickness on the Bx and BxT samples were several orders of 

magnitude larger than those on the P and PT samples, resulting in a significant increase of 

the surface roughness.  Boiling the aluminum substrate in de-ionised water considerably 

increased the value of Ra compared to that of the polished samples due to the surface 

hydration.  It was noted that longer boiling time corresponded to higher roughness values 

and less negative skewness.  The dehydration during subsequent thermal treatment of the 

boiled aluminum decreased Ra and increased Sk to positive values, which were similar for 

both B1T and B30T  
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Figure 4.18. AFM images of the pretreated surfaces. Images are of 5 µm sample 

square, with a scale of 0.5 µm in the z axis.  
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Figure 4.19. Changes of average surface roughness and skewness resulting from 

different pretreatments. 

 

The presence of a significant number of isolated lumps up to ten micron diameter on the 

surface of boiled and boiled and thermally treated aluminum samples can unduly affect the 

surface roughness measurement.  The surface roughness measurements reported above are 

the values through the flat part of the substrates free from the isolated lumps (scan size of 

5×5 μm).  To further examine how the lumps on the Bx and BxT surfaces contributed to 

the surface roughness, larger scan size of 70×70 μm was performed.  Typical topographies 

of the B1 and B30 samples are shown in and Figure 4.20 and Figure 4.21.  Lumps were 

observed on the surfaces.  The average surface roughness of the B1 and B30 surfaces were 
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significant difference in average surface roughness between the boiled and boiled and 

thermally treated aluminum samples.       

 

The increase of surface roughness of both the Bx and BxT samples compared to the P and 

PT surfaces can significantly improve the adhesion of metal splats to the surface through 

mechanical keying.  In addition, the change in skewness value of the boiled sample from 

negative to positive value with thermal treatment might potentially improve the splat 

morphology as suggested by Fukumoto et al. [48] and Cedelle et al. [57].  
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Figure 4.20. (a) 2D, and (b) 3D images of the B1 surface.  Images are of 70 µm sample 

square, and (c) higher magnification of the lump on the surface.  
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Figure 4.21. 2D and 3D images of the B30 surface.  Images are of 70 µm sample 

square.  

 

 



98 

4.4 Conclusions and implications of these findings 
 

The surface roughness and surface chemistry of substrates play important roles in splat 

formation and splat morphology.  Six pretreatments, namely polishing (P), polishing and 

preheating (PT), polishing and heating during spraying (PH), boiling (Bx), boiling and 

preheating (BxT), and boiling and heating during spraying (BxH) were performed on 

aluminum alloy 5052 substrates.  Such pretreatments significantly modified both the 

surface roughness and surface chemistry as confirmed by XPS, IBA, FIB, TEM, SEM and 

AFM analyses.  Plasma spray on these surfaces would allow the investigation of the 

relationship between the substrate surface conditions and the splat formation and 

morphology.  

 

There was a thin layer of native oxide/ hydroxide on the polished aluminum substrate. 

Thermal treatment of the substrates at 350°C caused a small increase in the oxide 

thickness, which altered their topographical characteristics slightly.  However, such 

thermal treatment caused significant changes in the surface chemistry in two aspects. 

Firstly, thermal treatment lead to dehydration, and thus released water from the surface. 

The release occurred initially from the removal of adsorbed water at 100°C, and then from 

the conversion of hydroxide to oxide between 250°C and 350°C.  However, the oxide 

formed was not stable and readily rehydrated when the samples were exposed to moist 

ambient conditions even for a short time.  The rehydration resulted in a significant 

difference in the hydroxide concentration between the P, PT, and PH samples.  Secondly, 

thermal treatment induced surface segregation of magnesium.  The presence of 

magnesium at high levels on the surface might disrupt the oxide layer, reduce the alumina 

proportion and promote the wetting of the liquid metal on the aluminum substrates.  The 

considerable difference between the P, PT and PH samples in terms of surface hydroxide 

and magnesium concentration allowed the study of the effect of surface chemistry on splat 

formation and morphology.     

 

Hydrothermal treatment of aluminum substrates resulted in a duplex structure consisting 

of an outer layer of hydroxide or boehmite with a further oxide layer diffusing into the 

substrate.  The thicknesses of the oxide and hydroxide layers on these surfaces were 

several orders of magnitude larger than those on the polished and polished and thermally 
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treated surfaces.  It was expected that the dehydration of the hydroxide at the outermost 

surface to oxide and water vapor might occur when a splat impacts the substrate.  As a 

result, the splat formation and morphology might be affected.  On the other hand, the 

formation of thick layer of oxide and hydroxide on the Bx surface can potentially retard 

the heat transfer from the splat to the substrate, as thermal diffusivity of the oxide/ 

hydroxide is much less than that of the parent metal.  The thicker the oxide and hydroxide 

layers are, the more slowly a splat will cool.  Unlike the polished and polished and 

thermally treated aluminum substrates, magnesium was not detected on either the boiled 

or boiled and thermally treated substrates.  In addition to that chemical variation, there 

was also a topographical difference between the polished and the boehmitised surfaces.  

Both the polished and polished and thermally treated aluminum surfaces are relatively 

smooth with low values of surface roughness, whereas the boiled aluminum surfaces are 

rougher with a significant number of individual particles or lumps distributed on the 

surface.  The increase of surface roughness of the Bx samples compared to the P sample 

might influence the adhesion between the splat and the substrate.  Thus, splat deposition 

on the P and Bx surfaces enable the investigation of the role of both surface roughness and 

surface chemistry on splat formation and morphology. 

 

Thermal treatment of boiled aluminum had no significant effect on the average surface 

roughness, as confirmed by the Ra values.  However, the skewness values changed from 

negative values for the Bx surfaces to positive values for the BxT surfaces.  It has been 

reported that the change of skewness to positive values enhanced the adhesion of splats to 

the substrate [48, 57].  It was also observed that subsequent thermal treatment and 

atmospheric exposure significantly changed the surface hydroxide concentration of the 

boiled aluminum samples due to dehydration and rehydration.  Thus, spraying of NiCr to 

the Bx, BxT, and BxH samples can justify the effect of both surface roughness and surface 

chemistry on the splat formation.  These ideas are considered in greater detail in following 

chapter.   
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CHAPTER 5. EFFECTS OF SUBSTRATE 

SURFACE CONDITIONS ON SPLAT 

FORMATION AND MORPHOLOGY 
 

 

5.1 Introduction 
 

As discussed in the previous chapter, thermal and hydrothermal treatments of aluminum 

resulted in significant changes in both surface chemistry and topography.  Splat deposition 

on these surfaces therefore allows for the investigation of the roles of surface chemistry 

and topography on splat formation and morphology.  Pretreated substrates were thermally 

sprayed using identical powder and plasma spraying conditions to facilitate direct 

comparison between the samples.  The thermal spraying was carried out in two sets of 

conditions where substrates were kept at room temperature or at 350ºC during spraying.  

The resulted splats were characterised by SEM/ EDS and image processing software 

ImageJ to correlate with surface conditions.   

 

5.2 Experimental 
 

Four different pretreatments of aluminum 5052 substrates were used to modify the surface 

chemistry and morphology: polished (P), polished and thermally treated (PT), boiled (Bx), 

and boiled then thermally treated (BxT).  The hydrothermally treated samples Bx and BxT 

were boiled in de-ionized water for x minutes with x taking the value of one or 30.  The 

subsequent thermal treatment of boiled and polished samples was carried out in air at 

350ºC for 90 minutes.  After pretreatments, all samples were cooled and then stored in a 

desiccator to preserve the surface chemistry until they were ready to be sprayed.  The time 

between removing from the desiccator and spraying was approximately 60 minutes.  All 

the samples were sprayed with the same conditions.  One group of pretreated substrates 

was kept at room temperature during spraying.  
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Some polished and boiled samples were also heated to 350ºC using a strip heater 

(Chromalox SW-1501, US) for 30 minutes and were kept at this temperature during 

spraying (referred to as “PH” and “BxH” respectively).  To allow for the direct 

comparison of the splat morphologies on the P/ PT/ BxT and PH/ BxH substrate samples, 

the PH/ BxH samples were exposed to the same spraying conditions and powder 

materials.  Detail of experiments with NiCr powder undertaken in this work was 

summarized in Table 5-1.  Other spraying parameters were detailed in Chapter 3, Section 

3.2.1.   

 

In order to validate the experimental results with the numerical models and to examine the 

effect of spraying condition and powder materials on the splat formation and morphology, 

another set of polished (P/ PT) and boiled aluminum (Bx/ BxT) samples was plasma-

sprayed with nickel powder.  The particle size, initial particle velocity and temperature of 

nickel powder were included in Table 5-1. 

   

Table 5-1. Summary of thermal spray experiment in this research. 

Powder Ni20Cr Ni 

Particle grade 43C-NS 56F-NS 

Particle size, (µm) -106+45 -45+11 

Particle velocity, (m.s-1) 

Particle temperature, (ºC) 

105 ± 21 

2,458 ± 90 

124 ± 17 

2,435 ± 55 

98 ± 12 

1,928 ± 201 

78 ± 11 

2,363 ± 57 

Substrate samples 

kept at 

room temperature 

during spraying 

P, PT, Bx, BxT P, PT, Bx, BxT Bx, BxT 

P:     degreased 

PT:   degreased + thermally treated at 350ºC for 90 min. 

Bx:   boiled in ionised-water, (x = 1 minute or 30 minutes) 

BxT: as Bx + thermally treated at 350ºC for 90 min. 

Particle velocity, (m.s-1) 

Particle temperature, (ºC) 

107 ± 26 

2,458 ± 76 

 

Substrate samples  

heated and kept at  350ºC 

during spraying 

PH, BxH  

PH:    as P + heated and kept at 350ºC during spraying 

BxH: as Bx + heated and kept at 350ºC during spraying 
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5.3 Classification of splat shape 
 

Typical images of collected NiCr splats on the P, PT, PH and B1H surfaces are shown in 

Figure 5.1.  The collected splats had reasonably round shapes and flat surfaces indicating 

the deposition of completely molten NiCr droplets.     

 

(a) P 

(b) PT 

500 µm 
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Figure 5.1. Typical images NiCr single splats deposited on the (a) P, (b) PT, (c) PH 

and (d) B1H samples.  

 

 

(d) B1H 

(c) PH 

500 µm 
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As can be seen in Figure 5.1, significant splashing was observed for the splats on the P 

and PT surfaces.  The main characteristic of these splats was the formation of a central 

core, surrounded by a circular ring of debris.  This splat type represented a poor splat-

substrate contact.  In contrast, splats without splashing were found on the PH surface, 

suggesting a very good splat-substrate contact.  However, the splat morphology on BxH 

surfaces was different from the above splat types.  BxH splats were large and thin with 

cracks on the surface.  More detail about all these splat types will be presented in the 

following chapters. 

  

Based on visual identification of splats, a splat classification scheme was developed as 

either ‘disk splat’ or ‘splash splat’.  Fingers around a splat, a central pore of various sizes, 

and splat fragmentation were frequently observed in splash splats.  This allowed further 

characterisation of splash splats into five sub-categories: fingered donut splat, halo splat, 

halo fingered splat, halo donut splat, and fragmented splat as shown in Figure 5.2 and 

Figure 5.3 and Figure 5.4. 

 

 
 

Figure 5.2. Classification of the splat shape.  

 

DISK SPLAT  

SPLASH SPLAT 

3. Halo Splat

5. Halo Donut Splat

4. Halo Fingered Splat

2. Fingered Donut Splat
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1. Disk Splat PH 

BxH 

P, PT
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1. Disk splats have a disk-like shape with (Figure 5.3a) or without (Figure 5.3b) few 

small fingers radiating from the periphery of the splats.  As will be discussed in more 

detail later, the formation of the fingers in this case was related to the phenomenon of 

substrate melting.  Upon impact with the splat, the substrate was melted and jetted in to 

the splats.  This movement resulted in the elevation of the splat towards the periphery.  At 

some points, the melted mixture of aluminum and a small amount of NiCr splashed out to 

form the surrounding fingers.  This splat type was only found on the PH substrate and 

represented the best contact between the splat and the substrate.  More detail of the 

formation of the fingers are discussed in Chapter 6.   

 

2. Fingered donut splats are defined as splats with significant numbers of long radial 

fingers at the splat edge (Figure 5.4a).  Cracks and central pores were frequently observed 

on the splat surface.  The fingered donut splat was a characteristic of splat morphology 

only on BxH surfaces.  There was no connection between the fingering of this splat type 

and the substrate melting phenomenon, which was closely related to the fingers on disk 

splats.  We propose that the formation of fingers in this splat type was caused by the 

difference in solidification rates at various locations of the splat, with solidification 

advancing from the periphery to the centre of the splat.  Thus, the early solidification of 

the periphery prevents the molten splat from spreading freely.  Due to the high inertia of 

the droplet, the liquid portion of the splat escapes the solidified ring and forms fingers 

around the splat periphery [42].   

 

3. Halo splats are defined as the splats with a central core in good contact with the 

substrate and a surrounding ring of debris (Figure 5.4b).  This circular ring indicated the 

occurrence of extensive splashing during flattening and solidification of the splat.    

 

4. Halo fingered splats are halo splats with radial fingers radiating from the periphery 

of the central core (Figure 5.4c).  The fingers were formed in the same manner of those in 

fingered donut splats. 

 

5. Halo donut splats are halo splats with a centre bubble-like hole larger than 8µm in 

diameter (Figure 5.4d).  Halo donut splats reflected the poor contact between the splat and 

the substrate, as discussed in more detail in Chapter 6. 
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6. Fragmented splats have an irregular shape.  We propose that the release of massive 

water vapor from the substrate surface completely disrupts the splat shape.  This splat type 

reflected the very poor splat-substrate contact, which will be discussed in more detail in 

Chapter 6.     

 

 
 

Figure 5.3: Splat classification as (a) disk splat with fingers at the splat periphery, 

and (b) disk splat without fingers at the splat periphery. 

(a) (b) 
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Figure 5.4: Splat classification as (a) fingered donut splat, (b) halo splat, (c) halo 

fingered splat, (d) halo donut splat, and (e) fragmented splat. 
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5.4 NiCr splats on the substrates with thin layers of surface oxide and 

hydroxide  
 

Deposited splats were analysed using SEM and ImageJ software to obtain quantitative and 

qualitative information about splat morphologies as a function of substrate condition.  

Back scattered electron images were used to improve the contrast between splats and 

substrates.  About 40 back scattered electron images at low magnification (75X) were 

acquired at random locations for every sample.  From these images, a minimum of 25 

random areas with around 300 splats were analysed using ImageJ.  The obtained 

information included Feret diameter, area, circularity and perimeter of individual splats.  

The Feret diameter is the longest distance between any two points on the boundary of the 

splat.  A circularity value of 1 represents to a perfect circle, whilst a value closer to zero 

indicates a more elongated splat (Chapter 3, Section 3.3.8).  

 

5.4.1 Splat distribution and density 

 

Typical images of collected NiCr splats on the P, PT, and PH surfaces are shown in Figure 

5.1a, b and c respectively.  The proportion of each of splat types was analysed and 

quantified for these samples.  The results of image analysis using ImageJ tool are shown 

in Figure 5.5.  

 

Halo, halo fingered, halo donut and fragmented splats were found on both P and PT 

substrates, which were held at room temperature during spraying.  However, the 

proportion of each splat type was significantly different between the two samples.  

Preheating the substrate before spraying resulted in a considerable reduction in the amount 

of halo, halo donut, and fragmented splats on the PT samples.  Accordingly, the 

proportion of halo splats on the PT sample (10%) was slightly smaller than on the P 

surface (17%).  The halo donut splat proportion on the preheated aluminum substrate was 

only 10% relative to its non-preheated counterpart (24%).  Conversely, the PT sample had 

a much higher proportion of halo fingered splats (79%) than on the P sample (53%).  It 

was expected that some halo splats and halo donut splats converted to halo fingered splats 

on the preheated substrate.  
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Heating the substrate at 350ºC for 30 minutes and keeping it at this temperature during 

spraying induced significant changes in splat morphology from those on the P and PT 

surfaces.  While splash splats dominated on the P and PT surfaces, none of this type was 

found on the PH surface.  Instead, 100% of the splats were in disk-shaped without annular 

rings of debris around them (Figure 5.5).      

 

  
Figure 5.5. Splat distribution on the P, PT and PH surfaces.   

 

Heating the substrate during spraying also had a significant effect on the number of splats 

per unit area.  It can be seen from Figure 5.6 that the average number of splats on the PH 

surface per square mm was 2.5, which increased by approximately 67% compared to that 

of the P and PT surfaces, which had similar numbers of splats per square mm (~ 1.5).  
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Figure 5.6. Number of NiCr splats per square mm on the P, PT and PH surfaces.   

 

5.4.2 Splat Feret diameter and circularity 

 

Measurement of Feret diameter and circularity allows investigation into the flattening 

ratio, which is defined as the ratio between diameters of the final splat and the initial 

particle, and the shape of different types of splats on the different substrates.  For splashed 

splats, the splat diameter was defined as the diameter of the central core of the splat that 

remained strongly bonded to the substrate, excluding the surrounding fingers, debris or 

fragments (Figure 5.4).   

    

Thermal treatment of the aluminum samples prior to spraying had no effect on the Feret 

diameter of splats when the substrates were held at room temperature during spraying.  

The P and PT surfaces had similar average diameter splats of about 150 µm.  In addition, 

there was not much difference in Feret diameter between the halo fingered, halo and halo 

donut splats (Figure 5.7).  

 

However, it was found that the Feret diameter of the splats increased on the polished 

aluminum substrate which was heated and kept at 350ºC during spraying.  Disk splats on 

this PH surface had an average Feret diameter 30% greater than those on P and PT 
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surface.  As a result, the flattening ratio of the splats on the PH sample was higher than the 

similar ratios of the P and PT samples.  

 

The circularity of each splat type on the P, PT and PH surfaces is shown in Figure 5.8.  

Despite the significant morphological difference among each type of splats, they all had 

similar circularities.        

  

 
Figure 5.7. Feret diameter of different types of splats on the P, PT and PH surfaces. 

 
Figure 5.8.  Circularity of different types of splats on the P, PT and PH surfaces. 
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5.4.3 Characterisation of splat underside 

 

In addition to top-down and cross sectional views of splats in the next chapter, bubble 

formation on the underside of splats was examined by SEM.  To prepare for the SEM 

examination, NiCr splats were peeled off the P, PT and PH substrates using double-side 

carbon tape.   

 

Typical images of the NiCr splat undersides on P and PT surfaces are shown in Figure 5.9 

and Figure 5.10 respectively.  It was found that the bubble formation varied between non-

preheated and preheated substrates.  High densities of bubbles were observed on the 

underside of the halo, halo fingered and halo donut splats on the P surface whereas few 

bubbles were found for splats on the PT surface.  Pores with different sizes and shapes 

were concentrated near the central part of the splat.  The bubble distribution in the NiCr 

splats on the P and PT surfaces is shown in Figure 5.12.  It was observed that PT bubbles 

were on average smaller than the P bubbles.  

  

Undersides of splats removed from polished aluminum which was heated during spraying 

(PH) were also examined.  It was found that there was no bubble formation on splat 

undersides deposited on the PH surface, as can be seen in Figure 5.11.  This absence 

indicated that heating the substrate during spraying resulted in splats that have better 

contact and a more desirable morphology on the PH surface than on the P or PT surfaces.   
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Figure 5.9. Typical undersides of (a) halo splat and (b) halo donut splat on the P 

substrate.  
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Figure 5.10. Typical undersides of (a) halo splat and (b) halo donut splat on the PT 

substrate. 
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Figure 5.11. Typical undersides of disk splat on PH substrate. 
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Figure 5.12. Size distribution of bubbles on NiCr splat undersides of P and PT 

surfaces. 

 

5.4.4 Discussion 

 

Splat formation and morphology 

 

The native surface layer on aluminum substrates consists of a mixture of oxide, hydroxide, 

and physisorbed water, in varying proportions.  The presence of this layer is due to the 

rapid hydration of surface oxide with ambient moisture [139, 167].  Thermal treatment 

releases water first from the physisorbed species at about 100ºC and then from the 

conversion of hydroxide to oxide between 250 and 350ºC as per Equation 5.1.  However, 

due to the high reactivity of the oxide with moisture, the formed oxide readily rehydrated 

when the sample was exposed to ambient condition for 60 minutes.  As a result, there was 

a significant difference in the hydroxide concentration between the P (40.2%), PT (14.4%) 

and the PH (2.3%) samples.  A further change in the surface chemistry due to thermal 

treatment was the surface segregation of magnesium.  At the same time, the thickness of 

the oxide layer and the surface roughness on the polished substrates increased, as 

discussed in Chapter 4 and summarized in Table 5-2.  
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Table 5-2.  Changes of surface roughness and surface chemistry resulting from 

thermal treatments.  

  P PT PH 

 

Surface roughness 

Ra, nm 8.8 12.7 As PT 

Sk -0.74 -0.4 As PT 

 

Surface chemistry 

Oxide thickness, nm 3.4 5.5 As PT 

Magnesium content, % 2.5 10.3 As PT 

Hydroxide content, % 40.2 14.4 2.3 

 

Although there was no significant difference in the measured surface roughness between 

the P, PT and PH surfaces, the splat density and disk splat fraction greatly improved on 

the PH surface.  These results suggested that the differences in splat formation and 

morphology between the P, PT and PH substrates were not due to a surface roughness 

effect. 

 

There were also no changes in oxide thickness and magnesium content on the substrate 

surface between the PT and PH samples.  However, significant improvements of splat 

morphology, splat density, and the average diameter of splats on the PH samples 

compared to that on PT samples were observed.  This indicated that neither oxide 

thickness nor the segregation of magnesium on the surface can explain the improvements 

of splat formation on PH samples compared to that on PT samples.  The remaining factor 

was the difference in surface hydroxide concentration between these samples.      

 

We propose that upon impact of the splat at high temperature, heat was conducted from 

the splat to the substrate, resulting in an increase of substrate surface temperature.  This 

heat activated the dehydration of surface hydroxide to oxide as per Equation 5.1 and 

released water vapor.  This gaseous layer inhibited the adhesion of impinging splats and 

provoked the splat splashing.  The higher concentration of the hydroxide was on the 

surface, the greater the volume of water vapor released and the fewer disk splats formed.  

Thermally pretreating the substrates drove off water vapor prior to spraying, resulting in 

better contact between the splat and substrate.  The “drier” surface enhanced splat 

formation and reduced splashing.  The complete absence of disk splats and lower splat 
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density on the P surface is related to the high concentration of hydroxide (40.2%) on the 

surface.  In contrast, a high splat density and high proportion of disk splats were observed 

on the PH surface with the relatively low concentration of surface hydroxide (2.3%) on the 

surface.  Thus, thermal treatment of the aluminum substrate prior to spraying is an 

important step to improve the formation of splat and splat shape primarily due to the 

dehydration induced at the surface. 

 

Thermal treatment removes surface hydroxide.  However, the formed oxide on the surface 

readily reacts with atmospheric moisture to form hydroxide again when the surface is 

exposed to atmospheric conditions between thermal treatment and spraying.  As a result, 

the hydroxide proportion on the PT surface increased to 14.4% compared to only 2.3% on 

the PH surface.  PT sample is in between the P and PH samples, but splat formation and 

morphology on this surface are similar to those on the P surface.  It was observed that no 

disk splats were observed on either P or PT surfaces.  In addition, there were also no 

significant differences in the numbers of splats per square mm, Feret diameter and 

circularity of splats between the P and PT surfaces.  However, there was a significant 

reduction in the amount of halo donut splats and fragmented splats on the PT surface, 

which was preheated to 350ºC and then cooled to room temperature prior to spraying.  The 

analysis of the splat-substrate interface in Chapter 6 confirmed that these splat types 

poorly adhered to the substrate.  As will be proposed in the following section, the 

formation of the halo donut splat is related to the water release from the dehydration of the 

surface hydroxide.  Thus, the reduction in the amount of halo donut splat on the PT 

surface indicated that preheating the substrate prior to spraying improved the splat 

morphology.  

 

Bubble formation at the splat underside  

 

Pores at the splat undersides have been observed in thermal spray coating [52, 208-211].  

A theory of impact-induced bubble nucleation and freezing into pores at the splat 

underside was proposed by Qu  et al [208, 209].  Bubble formation was attributed to the 

release of dissolved gases from the molten splat at impact and occurred with the following 

steps: 
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1. The impact of the splat on the substrate produces a very high pressure near the 

substrate-splat interface, resulting in high gas solubility in the near-interface region 

of the liquid splat.  In addition, gas could already be dissolved in the melted 

droplet before impact, either from the solid powder source or due to dissolution 

during flight. 

 

2. After impact, the contact pressure dissipates quickly and reduces to ambient 

pressure within 100 ns of the impact.  The rapid depressurization will lead to 

release and nucleation of the bubble at the splat-substrate interface.  The dissolved 

gas is trapped between the splat and the substrate.   

 

3. The bubbles move with the spreading splat and are frozen into pores upon 

solidification.   

 

The author noted that the tendency for gas super-saturation and nucleation mainly depends 

on contact pressure, which was a function of droplet velocity and therefore higher droplet 

velocity results in larger pores at the splat underside, which was observed.  The bubble 

size and shape also depend on the substrate material and solidification rate of the splat.  If 

the substrate has high thermal conductivity, heat is rapidly conducted to the substrate, 

resulting in fast solidification of the splat.  The bubbles freeze quickly without much 

coalescence into bigger ones during splat spreading.  As a result, the substrate with high 

thermal conductivity produced smaller pores [208, 209].  But this explanation cannot 

account for the lack of bubbles at the undersides of splats deposited on heated substrates.  

 

In our study, NiCr droplets were deposited on the P and PT samples in the same run.  The 

PH sample was exposed to the same spraying conditions and powder materials, as can be 

seen in Table 5-1.  Even though the variation in powder source and spraying parameters, 

including droplet velocity, had been eliminated, there was still a significant difference in 

the bubble formation at the splat underside between the P, PT and PH samples.  Bubbles 

were found at the splat undersides on the P and PT surfaces, but not on PH surface.  

Besides, the number of PT bubbles was much less than that of the P bubbles.  All these 

results suggested that the variations of the bubble formation at splat underside on the P, 

PT and PH samples were not solely due to the release of dissolved gases from the molten 

splat due to the rapid depressurization or droplet velocity effect as proposed by Qu et al. 
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[208].  The bubble formation was probably more strongly related to hydroxide content and 

the associated water vapor release from the substrate surface.   

 

Bubble structure and size depends on the substrate material or solidification rate of the 

splat [208, 209].  Thermal treatment of the substrate prior to spraying resulted in the slight 

increase of the oxide thickness from 3.4 nm on the P surface to 5.5 nm on the PT surface 

(Table 5-2).  The thicker oxide film may affect the thermal contact resistance at the 

substrate surface and thus the solidification rate of the splat.  The thermal contact 

resistance of the oxide layer can be estimated by assuming that it is of uniform thickness 

(l) with thermal conductivity (kox).  Using the thermal conductivity of the aluminum oxide 

(17 W.m.K-1) [212], the thermal contact resistance of the oxide layer on the PT surface is: 
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This thermal contact resistance value is much smaller than the thermal contact resistance 

calculated and reported in the literature (10-7 to 10-5 m 2.K.W -1) [40, 41].  In our case, 

because the oxide layer is so thin, the thermal resistance of the oxide layer is a negligible 

portion of the total thermal contact resistance.  Thus, the thermal contact resistances of the 

P and PT substrates are not expected to be different even though their oxide layer layers 

have different thickness.  In other words, the solidification rate of the splat was not 

strongly affected with the increase of such a thin layer of oxide on the PT surface.  Thus, 

the difference in bubble size at the splat underside between the P and PT samples was not 

due to solidification effect as suggested by Qu et al. [208, 209].       

 

All the above evidence suggests that the variations in bubble formation at the splat 

undersides on the P, PT and PH surfaces were not due to the release of dissolved gases 

from the molten splat, the powder source, or solidification effect of the splat [208, 209].  

Instead, the variations in bubble formation at splat underside on the P, PT, and PH 

samples were likely to be related to the hydroxide proportion on the substrate surface.  

The lower the hydroxide proportion is on the surface, the fewer bubbles are formed.  A 

different mechanism of bubble formation at the splat undersides is proposed:  
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1. Upon impact, the droplet spread out to form the splat.  Heat is conducted from the 

splat to the substrate.  This results in the dehydration of hydroxide forming oxide 

and releasing water vapour; 

 

2. The released water trapped at the splat-substrate interface travels with the fluid 

flow; 

 

3. The water is then trapped into pores upon solidification to form bubble at the splat 

underside as observed.  The formation of bubbles at the splat undersides suggests 

that the evolution of water from the surface hydroxide occurs after the molten splat 

has made contact with the surfaces (Figure 5.9, Figure 5.10, and Figure 5.11).  

 

Central pore characterized for halo donut splat 

 

Splats with central pores of various sizes were observed.  This structural feature 

constituted a typical halo donut splat shape for NiCr particles plasma-sprayed onto the P 

and PT substrates.  Splats with a central pore have been occasionally observed during 

thermal spray processing [72, 86, 213, 214].  Li et al. [213] suggested that the central pore 

formation was due to either the rebound of the solid core of a partially melted powder 

particle or due to moisture released at the splat-substrate interface.  Experimental results 

showed that although the P and PT samples were sprayed at the same time, a higher 

fraction of halo donut splats was formed on the P sample.  In addition, there was a 

complete absence of halo donut splats on the PH surface.  These results indicate that the 

formation of halo donut splats was not due to the rebound of the solid core of a partially 

melted particle because if this was the case, P and PT substrates should have similar 

proportions of halo donut splats.  Instead, the formation of halo donut splats was probably 

due to water released from the substrate surface.   

 

As will be discussed in more detail with computer simulation in Chapter 7, Section 7.6, 

the high pressure built up at the contact point induced concave curvature and subsequent 

water release from the substrate surface contributed to the formation of central pore which 

characterized for the halo donut splat type.  Upon impact, the droplet velocity rapidly 

decreased and its kinetic energy converted to the potential energy which causes a pressure 

built-up at the droplet-substrate interface.  This pressure increased to a very high value 
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(160 MPa) in a very short period of time (100 ns) (Chapter 7), causing the droplet to 

deform and spread outwards in radial directions to form a splat.   The high pressure at the 

contact point also induced a concave curvature towards the free surface of the droplet to 

form the small pore of approximately 1.5 µm diameter at the centre of the splat (Figure 

5.13a).    During this transformation, heat was continuously conducted from the splat to 

the substrate.  The resultant increase in substrate surface temperature led to the 

dehydration of surface hydroxide to oxide and released water vapour as per Equation 5.1.  

The water vapour released from this reaction was either trapped at the splat-substrate 

interface or escaped at the splat periphery where the delamination of the splat was 

frequently observed (Chapter 6, 7).  The accumulation of released water vapour was 

highest at the centre of the splat, where the explosion through the liquid film occurred to 

form the central pore of halo donut splats (Figure 5.13b).   

 

The higher the hydroxide concentration was on the surface, the greater the volume of 

water vapour released and greater the number of halo donut splats formed.  Thus, the 

higher concentrations of hydroxide on the P surface (40.2%) than on the PT surface 

(14.2%) resulted in the higher proportion of halo donut splats on the P surface compared 

to that on the PT surface.  Pre-heating the substrate drove off water vapour, resulting in 

better contact between the splat and the substrate, and hence reducing the halo donut and 

fragmented splats.   
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Figure 5.13. Schematic diagram of droplet impact and spreading on the substrate 

under the effect of water release from the dehydration of surface hydroxide.    

 

5.5 NiCr splats on the substrates with thick layers of surface oxide 

and hydroxide  
 

5.5.1 Splat deposition on the substrate held at room temperature  

 

A significant number of splats were found on both the P and PT surfaces (Figure 5.1), 

whereas there was no splat formation on the boiled and the boiled and thermally treated 

samples (Figure 5.14 and Figure 5.15).  However, evidence of particle impact, such as 

residues, scattered fine droplets, and impact marks was observed (Figure 5.16).  More 

impact marks and residues were found on the B1 and B1T surfaces than on the B30 or 

B30T surfaces.  Impact marks with the diameter up to a hundred micron and scattered fine 

droplets (few microns) (as noted  by arrows in Figure 5.14, Figure 5.15, Figure 5.16) 

suggested that the droplet spread out to form a splat but was subsequently broken up 

following the flattening process to form fine droplets scattering on the surface.  Along 
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with the NiCr residue, localised individual particles or lumps formed due to the hydration 

treatment process were also found on these surfaces, as described in Chapter 4.      

 

 
Figure 5.14. Typical images NiCr single splat deposited on the (a) B1, and (b) B1T 

samples.  
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Figure 5.15. Typical images NiCr single splat deposited on the (a) B30, and (b) B30T 

samples.  
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Figure 5.16: Typical images of fragmented splats including residues, droplets, lumps 

and impact marks on the Bx/ BxT surfaces. 

 

The variations in surface roughness and chemistry of the P, Bx and BxT substrates were 

discussed in Chapter 4.  Boiling the aluminum substrate in de-ionised water induced a 

change to a surface topography, resulting in more valleys (negative Sk) with higher value 

of Ra compared to that of polished samples.  Subsequent thermal treatment of the boiled 

samples produced a smoother surface (smaller Ra) with a positive Sk value.  It has been 

reported for plasma spraying that the adhesion at the splat-substrate interface improves 

with the rough surface [11, 18, 27, 28, 53].  Indeed, surfaces are often roughed using 

grooving or grit blasting prior to spraying to increase the surface roughness where more 

physically active surface for good bonding are presented.  A wealth of experimental 

evidence has shown that roughening the substrate increases the bond strength of the splats 

via mechanical interlocking with the substrate [11, 49, 215-217].  In addition,  Cedelle et 

al. [60] and Fukumoto et al. [48] reported that a positive change of Sk after thermal 

treatment of the surface corresponded to a change of splash splats to disk splats.  

However, there was no splat formation on the boiled and the boiled and thermally treated 
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aluminum substrates, regardless of their higher surface roughness and positive skewness 

values compared to the P surface, where a significant number of splats were formed.  This 

suggested that the complete absence of splats on the Bx and BxT surfaces were not due to 

a surface roughness effect.  

 

To further study if surface roughness on a micro scale contributed to the splat formation 

on boiled samples, polished aluminum substrates were roughened using #120 grid 

sandpaper.  The rough surface was subsequently hydrothermal-treated to develop a oxide/  

hydroxide layers on the rough surface.  The roughness of the boiled samples after one 

minute was measured by AFM to be 1.2 ± 0.2 µm.  As can be seen from Figure 5.17a, a 

significant number of lumps were distributed on the surface.  The substrate surface also 

had a highly porous structure, as can be seen in Figure 5.17b. 

 

The sample after roughening and subsequent hydrothermal treatment was plasma-sprayed 

with NiCr alloy particles at the same time with other Bx and BxT samples (Table 5-1).  

Again, there was no splat formation, but some residue was also found on the surface, as 

shown in Figure 5.18.  Thus, the complete absence of splat formation on the hydrothermal 

treated surfaces with different roughness values certainly confirmed that surface 

roughness, both in nano scale and micro scale, had no effect on splat formation in our 

case.  The overriding effect was massive water vapor release which completely disrupts 

the splat formation.      
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Figure 5.17. SEM images of aluminum surface artificially roughened by sandpaper 

and subsequently immersed in boiling de-ionised water in one minute; (a) the surface 

with significant amount of lumps, and (b) porous structure of the surface.   

 

Lumps 

(a) 

(b) 
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Figure 5.18. Splat formation on aluminum substrate which was artificially 

roughened and boiled in de-ionised water in one minute.  The SEM images show 

residues on the substrate. 

 

Larger image
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It has been reported that splat formation and morphology can also be influenced by 

spraying conditions and powder materials [11, 16, 18, 27, 72, 113, 215, 217-219].  The 

effects of these factors on Bx and BxT surfaces were examined using nickel particles (-

45+11µm, Sulzer Metco 56F-NS, USA) at various velocities and temperatures (see Table 

5-1).  Again, no splats were found.  This is consistent with previously published results 

where no NiCr splat formation occurred on hydrothermally treated aluminum using high 

velocity air fuel (HVAF) spraying [180].   This suggests that splat formation on the Bx 

and BxT surfaces was dependent on neither the spraying parameters nor particle 

properties.  As a result, the complete absence of splat formation on the hydrothermal 

treated surfaces is almost certainly due to the chemical changes at the substrate surface. 

 

P, Bx and BxT sample were sprayed at the same time.  A significant number of splats 

were found on the P surface, whereas there was no splat formation on both boiled and 

boiled and thermally treated.  The obvious difference in splat formation between the P and 

Bx/ BxT substrates can be explained by the significant variations in oxide/ hydroxide 

proportions and thicknesses between these samples.  The boiled aluminum substrate 

represented the extreme case of water release from the conversion of surface aluminum 

hydroxide to oxide.  These surfaces consisted of relatively thick layers of inner oxide with 

the outermost surface almost entirely covered by aluminum hydroxide (pseudo bohemite, 

AlOOH).  Pseudo boehmite is a poorly crystallized hydroxide and contains excess water 

in its structure [140, 142, 207, 220, 221].  Subsequent thermal treatment of the boiled 

aluminum substrate converted surface hydroxide to oxide.  However, the formed oxide 

readily reacted with atmospheric moisture to have a similar surface hydroxide thickness 

between the B30 and B30T surfaces, as discussed in Chapter 4.  Thus, the reason for the 

lack of splat formation on the Bx and BxT surfaces was attributed to the release of large 

water vapour volumes from the dehydration of surface hydroxide to oxide during splat 

impact.   

 

Upon impact, the droplet spread out to form a splat.  Heat was conducted from the hotter 

splat to the colder substrate.  However, due to the lower value of thermal diffusivity of the 

aluminum oxide/ hydroxide (6.2 x 10-6 m2.s-1) compared to aluminum metal (89.5 x 10-6 

m2.s-1) [212], heat conduction to the bulk substrate was slow.  With time, the substrate 

surface was heated, causing the dehydration of surface hydroxide to oxide and releasing 

water.  The released water inhibited the heat transfer between the splat and the substrate.  
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As a result, the splat was in the liquid state long enough to be splashed into smaller 

droplets scattering across the substrate surface under the effect of water release.  

 

5.5.2 Splat deposition at substrate temperature of 350°C 

 

Splat deposition was studied on the boiled aluminum which was subsequently heated to 

350°C for 30 minutes and kept at this temperature during spraying.  Splats were found on 

both the B1H (Figure 5.1d) and B30H surfaces.  Higher magnification images of the splats 

revealed an irregular edge with fingers radiating from the periphery of the splats and 

cracks distributed on the surface.   

 

The proportions of each splat type were quantified for both the B1H and B30H samples 

and shown in Figure 5.19.  There was a considerable difference in splat formation between 

the B1H and B30H substrates.  No disk splats were found on either the B1H or B30H 

surfaces.  The majority (91%) of the splats on the B1H surface were fingered donut splats 

whilst only 6% of this splat type was observed on the B30H surface.  Very high 

proportions of fragmented splats (94%) on the B30H surface indicated very poor adhesion 

of the splats on this surface.  This resulted in a significant reduction of splat density (0.3 ± 

0.1 splats per square mm) on the B30H surface compared to that on the B1H surface (2 ± 

0.4 splats per square mm).  The average diameter of the splats on the B1H surface was 423 

µm, which nearly doubled that on the PH surface.   

 

It is noted that fingered donut splats only appeared on the BxH surfaces.  As discussed in 

more detail in Chapter 7, Section 7.6, if the splat poorly adhered to the substrate due to 

low solidification rate, splashing of the splat was dominated by Rayleigh-Taylor 

instability and surface tension effect.  This splashing mechanism forms halo splat type 

which characterized for splat morphology on the P or PT surfaces.  At the other extreme, 

if the splat-substrate contact was very good due to high solidification rate, the 

fragmentation of the splat was eliminated, leading to the formation of disk splat shape on 

the PH surface.  The formation of BxH splats was between the two extremes.  In this case, 

the solidification rate was low enough for the droplet spread to a maximum extent, but 

was still high enough to inhibit full detachment at the splat periphery.  During the 

spreading, the high inertia of the droplet causes the liquid portion of the splat to escape the 

solidified ring and form fingers around the splat periphery.  Other features expected to 
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affect the splat morphology on the BxH surfaces are the presence of a thick layer of oxide 

and hydroxide and the associated possible water release upon droplet impact.  Firstly, the 

thick layer of oxide and hydroxide may change the wettability of the substrate surface.  

Secondly, the large amount of water release from the surface may alter the droplet flow 

and induce the formation of crack on the splat surface. 

 

Similar to the case of the PH sample, heating the boiled aluminum substrate during 

spraying can significantly improve the splat formation compared to the non-heated 

counterparts.  It is expected that heating the boiled aluminum substrates at 350°C during 

spraying significantly reduced the effect of water release during the splat spreading 

process.  However, the splat density and distribution on the B1H surface also differed 

from those on the B30H surface.  The differences are attributed to the discrepancy in 

hydroxide thickness between the B1H (70 nm) and the B30H (140 nm).  The 30-minute 

heating time at 350ºC was not sufficient to completely dehydrate the thick hydroxide layer 

on the B1H and B30H surfaces.  In addition, heating the substrates during spraying 

combined with the low thermal diffusivity of the surface oxide layer will delay the 

solidification process of the splat.  Subsequent water release from the dehydration of 

hydroxide layer during the impact of the impinging splat will distort the liquid splat more 

easily and invoke splashing, resulting in a lower splat density on the B30H surface 

compared to that on the B1H surface.   

 

  
Figure 5.19. Splat distribution on the B1H and B30H surfaces.  
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Figure 5.20. Number of splats per square mm on the B1H and B30H surfaces 

 

5.5.3 Characterisation of splat undersides  

 

Splat undersides on the B1H substrate are shown in Figure 5.21 and Figure 5.22.  

Significant numbers of bubbles were found at the splat undersides with higher density 

towards the centre of the splat.  This observation was agreed well with the presence of 

voids at the splat-substrate interfaces which are discussed in more detail in Chapter 6.   

 

Both the PH and B1H samples were plasma-sprayed at the same time to keep the spray 

parameters including splat velocity unchanged.  While there was no bubble formation at 

the PH splat undersides, significant numbers of bubbles were observed in the B1H splat 

undersides.  This observation again weakened the mechanism of bubble formation based 

around the release of dissolved gas from the molten splat at the splat-substrate interface as 

proposed by Qu et al. [208].  Instead, the formation of the bubbles in our case correlated to 

the water release from the dehydration of surface hydroxide to oxide upon impact of the 

splat.  
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Figure 5.21. NiCr splat undersides on the B1H surface.  

 

Larger image
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Figure 5.22. NiCr splat undersides on the B1H surface.  

 

5.6 Characterisation of nickel splats  
 

Along with experimental studies of splat morphology in plasma spray, three dimensional 

numerical simulations were carried out to understand the mechanism of splat spreading 

Larger image
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and solidification.  It was assumed in the model that the particle shape was spherical.  

However, as discussed in Chapter 3 the shape of NiCr alloy particle could be irregular, 

angular and elongated.  In addition, the physical properties of NiCr droplets required for 

the model are limited.  Therefore, the splat shape of the NiCr particles could not be 

obtained precisely using numerical simulation.   

 

The available physical data and the spherical shape of the nickel powder particles (Metco 

56F-NS) made it amenable to numerical simulation.  To validate the numerical results, 

nickel powder was plasma-sprayed on the P and PT surfaces.  Spraying conditions of 

nickel splats were kept the same as those of the NiCr splats.  The particles velocity and 

temperature prior to the impact point were 124 ± 17 m.s-1 and 2435 ± 55ºC respectively.  

In this case, the particle velocity was higher than the velocity of NiCr splats in the 

previous part (Table 5-1).    

 

Typical nickel splat formation on the P and PT surfaces is shown in Figure 5.23.  In the 

same manner to the NiCr splats, there was no observation of Ni disk splat on the P and PT 

surfaces.  All of the splats exhibit similar characteristics: regular circular central core 

surrounded by annular ring of debris.  Fingers attached to the splats were also observed, 

but were less significant than the fingers of the NiCr splats on the same substrate surface.  

Four types of splats were observed on both P and PT surfaces.  They are halo splat, halo 

fingered splat, halo donut splat and fragmented splat.  Typical halo splat and halo fingered 

splats are shown in Figure 5.24. 
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Figure 5.23. Typical images of collected nickel splats on the (a) P, and (b) PT 

surfaces.  

 

 

(b) 

(a) 



138 

 

 
 

Figure 5.24. Nickel (a) halo splat, and (b) halo fingered splat on the P and PT 

surfaces. 

 

Halo splats were dominant on the PT surface with 45%, but represented only 11% of the 

splats on the P surface.  Preheating the substrate increased the proportion of halo fingered 

splats up to 43% compared to only 2% on the P surface.  More importantly, the proportion 

of halo donut splats on PT surface significantly decreased from 84% to 11% with 

preheating. 

 

There were similarities in characterised parameters of splats formed on P and PT surfaces. 

The splat densities were both around 11 ± 2.5 splats per square mm; the average splat 

diameters were both approximately 65 ± 14.2 µm; and the splat circularity were 0.75 ± 

0.12.  The significant decrease in proportion of halo donut splats, which had a poor 

(b)
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contact with the substrate as discussed in Chapter 6, with preheating indicated that the 

splat formation of Ni splats on the PT surface was much better than on the P surface.  

Likewise for the case of NiCr splats, the improvement of splat formation with thermal 

treatment of the substrate related to the hydroxide content on the substrate surface.    

 

However, it is noted that the relative proportion of each splat type of nickel particles was 

significant different from that of NiCr particles.  Higher velocity of Ni particles compared 

to that of NiCr splats (Table 5.1) may promote splat splashing [18].  This splashing 

induces the detachment of the fingers at the central core of the splat, resulting in lower 

proportion of halo fingered Ni splats on the P and PT surfaces compared to that of halo 

fingered NiCr splats on the same substrate.  However, it is not clear why a significant 

proportion of the halo donut Ni splats (84%) was found on the P surface compared to only 

24% of halo donut NiCr splats on the same substrate.  It is probably due to the differences 

in exposure time of substrates used for splat deposition to ambient condition and/ or 

powder properties including melting point, surface tension, thermal diffusivity, density, 

heat capacity, particle size, particle shape, wettability etc.  However, for both Ni and NiCr 

splats, the proportion of halo donut splats significantly decreased with substrate heating 

prior to spraying.  This important feature indicates that PT splats have better contact and a 

more desirable morphology.           
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Figure 5.25. Nickel splat distribution on the P and PT surfaces.   

 

5.7 Conclusions 
 

In this chapter, the effects of substrate surface conditions on splat formation and 

morphology were systematically examined.  The experimental results suggest that surface 

roughness in both nano-scale and micro-scale does not prominently affect the splat 

formation.  Instead, surface chemistry, particularly the concentration of surface hydroxide, 

is the dominating factor in splat formation, splat morphology and bubble presence at the 

splat underside.  When a molten droplet at high temperature impacts the substrate, the 

conversion of surface hydroxide to oxide occurs and produces a water vapour layer which 

inhibits the contact between the splat and the substrate.  The water vapour trapped at the 

splat-substrate interface also causes the formation of bubbles at the splat underside and 

leads to the formation of halo donut splats and fluid breakup in splats.  The prior 

conversion of surface hydroxide to oxide by preheating or heating during spraying can 

reduce the amount of trapped water vapour at the splat-substrate interface.  Consequently, 

these thermal treatments enhance the formation of disk and halo fingered splats, increase 
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the number of splats, decrease the formation of halo donut splats and bubbles at the splat 

underside.   

 

Thermal treatment of the substrate prior to spraying is an important parameter contributing 

to the formation of splats and their shapes because of the thermally induced changes at the 

substrate surface.  The effect of surface hydroxide on splat formation is observed in this 

research for only aluminum and stainless steel substrates [5-7].  However, it is intuitive to 

extend to other metal substrates with similar hydration-dehydration behaviours.  Thermal 

treatment of the substrate improves splat morphology and reduces bubble at the splat 

underside.  However, due to the high reactivity of the surface oxide with ambient moisture 

to form hydroxide, the exposure time of the samples to the atmosphere before spraying 

should be limited.  This finding can be used to explain the observation by Fukumoto et al. 

[48] where the disk splat fraction on the stainless steel substrate decreased with the 

increase of elapsed time of the pre-heating substrate in atmospheric conditions.   
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CHAPTER 6.  SPLAT – SUBSTRATE 

INTERFACE  
 

 

6.1 Introduction 
 

Thermal and hydrothermal treatments were employed to modify the substrate surface 

conditions.  Examination presented in the previous chapters revealed that splat formation 

and morphology were strongly correlated to the substrate surface chemistry, in particular 

the thickness and concentration of surface hydroxide layer.  The proposed mechanism is 

that upon the impact of a splat, the dehydration of surface hydroxide occurs and releases 

water vapour which inhibits the contact between the splat and the substrate.  This 

interaction induces fragmentation and splashing to form splashed splats on the substrate 

surface.  The greater the hydroxide proportion is on the surface, the more splashed splats 

are formed.  Thermal treatment of the substrates prior to spraying can significantly drive 

off the water, resulting in a better contact and enhancing the splat formation and 

morphology.     

 

To further examine the interface between NiCr splats and aluminum substrates and how 

this is affected by the surface chemistry of the substrate, Focused Ion Beam (FIB) and 

Transmission Electron Microscopy (TEM) were used.  These studies were carried out in 

collaboration with Professor Paul R. Munroe and Ms. Sophie Brossard at the Electron 

Microscope Unit (The University of New South Wales, Australia).  Several cross sections 

were prepared and studied for each category of splats on different pretreated substrates.  

The samples were divided into two groups: 

 

- Splats on the substrates with thin layers (few nanometers) of surface oxide and 

hydroxide.  These substrates included P, PT and PH samples.   

- Splats on the substrates with thick layers (hundreds nanometers) of surface oxide 

and hydroxide.  These substrates included Bx, BxT, and BxH samples.    
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The microstructure and mechanism of bonding along the interface were investigated.  

Particular attention was paid to the occurrence of substrate melting and inter-diffusion, the 

formation and the role of oxides in bonding.  From the results, contribution of oxide and 

hydroxide layers to splat formation and morphology was clarified.    

 

 

6.2 NiCr splats on the substrates with thin layers of surface oxide and 

hydroxide 
 

Splat formation and morphology on the P, PT and PH surfaces have been discussed in the 

previous chapter.  Disk-shaped splats without or with a few small fingers radiating from 

the splat edge was found on the PH surface.  Conversely, there was no disk splat on the P 

and PT surfaces.  Instead, extensive splat splashing was observed on these surfaces.  The 

splashed splats found on the P and PT surfaces were divided into four sub-categories: halo 

fingered splat, halo splat, halo donut splat, and fragmented splat (Chapter 5, Section 5.4 ).  

The characteristic of the first three splat shapes was the formation of a central core splat 

surrounded by a circular ring of debris.  To examine if there is any difference in the 

contacts between these splats and the substrate, a number of cross sections were 

performed.   

 

6.2.1 Halo fingered splats 

 

An example of a halo fingered splat on the PT surface is shown in Figure 6.1.  The thin 

darker area at the top of the splat was the deposited platinum strip used to protect the 

specimen surface against beam damage during milling.  Cross sections were made at three 

locations: near the centre of the splat (A-A), through the splat periphery (B-B) and through 

the finger of the splat (C-C) are presented in Figure 6.1.  The NiCr splat (1), with uniform 

thickness of 1.3 µm, was in excellent contact with the substrate near the centre of the splat 

(2).  NiCr splat was found diffusing into aluminum substrate near the centre of the splat to 

form an interlocking feature at this location (4).  This indicated the likely occurrence of 

substrate melting [8-10], which will be discussed later in more detail with TEM data.  

More effective bonding was observed at the locations where intermixing between the splat 

and the substrate occurred (4).  In contrast, delamination was observed at the splat 
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periphery (7) and through the finger of the splat (3), indicating a poor splat-substrate 

contact at these locations.  Small pores (5) were observed along the interface near the 

centre of the splat, whilst larger ones (6) were observed within the substrate.  These pores 

may come from either the porosity of the metal substrate before spraying or contraction 

during substrate melting.  The delamination of the splat at periphery was attributed to splat 

lifting due to the surface tension of the molten splat during spreading, the shrinkage during 

splat cooling and the poor contact towards the periphery of the splat [89].  The effect of 

surface tension on the curling up of the splat is discussed in more detail in Chapter 7, 

Section 7.6.   

 



145 

 
Figure 6.1.  FIB cross-section of a halo fingered splat on the PT surface. 
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that substrate melting occurred in the case of halo fingered splats on the PT surface.  

Supporting evidence of melting at the interface of this sample was sought with TEM.  

 

Figure 6.2 shows the typical bright-field cross-sectional TEM image and EDS elemental 

mapping through the centre of a halo fingered splat on the P surface.  The splat was in 

good contact with the substrate.  Pores (1) with a diameter of approximately 0.7 μm were 

observed along the interfaces.  The splat-substrate interface was straight and apparent (2) 

at some locations, but become blurry at others (3).  The indistinct interface suggested 

possible substrate melting at location (3).  Also, the curvature of the substrate, marked 4 in 

Figure 6.2, suggested the strong deformation of the substrate upon impact of the splat.  

Elemental line scans were performed across the interface at the locations marked L1 and 

L2 in Figure 6.2.  At the sharp interface, the Ni and Al concentration abruptly changed 

(marked 6 in Figure 6.3a) over the distance of a few nanometers.  The finite width of this 

step was associated with the diameter of the beam used (a few nm).  In this case, no 

diffusion is taking place.  In contrast, a gradual changed of Ni and Al concentration across 

the blurred interface supported the hypothesis that diffusion of Ni and Al occurred over 

the distance of approximately 200 nm (marked 7 in Figure 6.3b).  However, this was 

insufficient evidence on its own to confirm the occurrence of substrate melting.  Both 

evidence of substrate deformation and inter-diffusion of Ni and Al across the interface 

strongly indicated the occurrence of substrate melting [9, 10].       
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Figure 6.2. A bright-field cross-sectional TEM image of a halo fingered splat with 

diameter of ~ 120 µm on the P surface and EDS elemental maps of the region A.    
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Figure 6.3. EDS elemental line scans across the splat-substrate interface in a region 

(a) L1, and (b) L2 in Figure 6.2. 
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(5) was detected at the splat-substrate interface and at pore surface.  Electron diffraction 
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challenging.  The diffraction patterns of Cr2O3 or CrO3 are shown in Figure 6.4a and b 

respectively.  The patterns had rings with the strongest intensities which were consistent to 

the [012], [104], and [110] planes of Cr2O3, and [060] and [030] planes of CrO3 [10].  This 

suggested the presence of the Cr2O3 or CrO3 oxide[8-10].  In addition, nickel oxide NiO 

(6) was found at the wall of the pore (Figure 6.2).       

 

 
Figure 6.4. Electron diffraction patterns of the various phases found (a) Cr2O3, (b) 

CrO3, and (c) NiO.  

 

Figure 6.5 shows another cross-sectional TEM image near the splat edge of a halo 

fingered splat with diameter of approximately 120 µm on the PT surface.  The splat 

adhered extremely well to the substrate.  The bright field TEM image and EDS elemental 

mapping show that the splat-substrate interface was distinct but with a disturbed boundary 

(1).  An important feature of the splat-substrate interface is the jetting of aluminum 

extending approximately 2 µm into the splat (2).  Also, the curvature of the substrate is 

also strong evidence that it deformed due to softening and partial melting, i.e. the 

temperature of the substrate was high enough to cause deformation.  These features 

indicate the occurrence of substrate melting.  It was also observed that a very thin oxide 

layer was observed at the splat-substrate interface (3).  This oxide layer may be nickel 

oxide or chromium oxide from the particle, or aluminum oxide on the substrate surface.  
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nm.  The observations of jetting, deformation and diffusion unambiguously confirmed the 

occurrence of substrate melting.  This suggests that upon impact of the splat, heat was 

conducted from the hotter splat to the colder substrate.  The heat was sufficient to melt the 

substrate, leading to the jetting from substrate material into the splat.  In addition, both the 

substrate and splat was in liquid state in long enough to allow for the diffusion to take 

place.  As a result, the diffusion across the interface occurred in addition to the formation 

of an interlocking jet of substrate at the side of the splat, giving a disturbed interface.           
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Figure 6.5. A bright-field cross-sectional TEM image of a halo fingered splat with 

diameter of ~ 120 µm on the PT surface and elemental maps of the region A.   
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Figure 6.6. EDS elemental line scans across the splat-substrate interface in a region 

L1 indicated in Figure 6.5. 

 

Figure 6.7 shows the cross sectional TEM image through the finger of a halo fingered 

splat (marked B in Figure 6.5) on the PT surface.  Through the TEM bright field image 

and EDS mapping, it was observed that the splat-substrate interface was straight and clear 

(2).  No sign of substrate melting was observed along the interface.  The splat poorly 

adhered to the substrate with observable pores (3) along the interface.    
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the splat-substrate interface.  
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Figure 6.7. A bright-field cross-sectional TEM image through the finger of a halo 

fingered splat on the PT surface and elemental maps of the region B (marked in 

Figure 6.5).   

 

6.2.2 Halo splats 

 

A FIB cross section through the rim at the splat periphery of a halo splat is presented in 

Figure 6.8.  The interface between the splat and the substrate was clear and distinct.  It can 

be seen that the NiCr splat (1) and the substrate was adhered strongly at this location (2), 

whereas separation occurred elsewhere along the interface (3).  Pores were observed at the 

splat-substrate interface (4).  The splat thickness was mostly uniform along the interface 

(1 µm approximately).  However, the splat edge slightly curled up and was thicker at the 

splat periphery (5).   
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Figure 6.8. Cross sectional FIB image through the periphery of a P halo splat. 

 

Another FIB cross-sectional image of the splat-substrate interface was made across the 

pocket on the halo splat (A-A), as can be seen in Figure 6.9.  These pockets were 

frequently observed on the splat surface.  The interface was generally straight and clear, 

indicating that there was neither diffusion nor jetting of the substrate into the splat.  The 

NiCr splat (1) was in good contact with the substrate at this location (2), whereas a large 

pore was observed under the pocket (4).  The splat was poorly adhered to the substrate 

across the pocket (3) and towards the splat periphery where strong delamination of the 

splat was repeatedly observed (5).  A thin layer of oxide (6) was found on the surface of 

the pore and the splat underside at the splat periphery.  Identification of the oxide phases 

at the pore wall was not performed by elemental mapping for the halo splat.  However, 

similar features of oxide formation at this location, which was associated to the water 

release from the substrate surface, were frequently observed, for example in Figure 6.2 

and in our published works [4, 8-10].  More detail of oxidation mechanism of the particles 

will be discussed at the end of this chapter.   
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Figure 6.9.  Cross sectional FIB images across the pocket on the halo splat.  
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In contrast, interfaces were poorly bonded and separated towards the splat edge (3).  There 

were some pores (5) and a high degree of delamination at the splat periphery (6).    Pores 

(8) were also found at the locations where substrate melting occurred.  The origin of these 

pores may be the contraction of liquid splat and substrate upon their solidification.  A thin 

layer of oxides, possibly NiO or/ and Cr2O3 [8-10], was formed at the splat underside 

toward the splat periphery (7).  Splat thickness ranged from 1 to 1.5 µm.     

 

There were similar characteristics between the halo fingered splat and halo splat.   

 

- Pores were observed along the interface; 

- Oxides were found along the interface and at the pore surface; 

- The splats curled up at the periphery of the halo splat; 

- Substrate melting was also observed at the interface between the substrate and the 

halo splat, but was less frequent than the case of the halo fingered splats on the 

same substrate.  This may indicate that the contact between halo fingered splats 

and the substrate was better than the halo splat-substrate contact.          
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Figure 6.10. Cross-sectional FIB of a halo splat on the P surface at two locations of 

interest: (a) across the centre of the splat (A-A), and (b) across the splat rim (B-B). 
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Figure 6.11. Cross sectional FIB images of halo donut splats on the P surface.  

 

To further examine the distribution of the oxide layer on the halo donut splats, cross-

sectional TEM image was done.  The inset image on the bottom left in Figure 6.12 shows 

the location (A) where the TEM cross-section was prepared.  It was observed that the splat 

poorly adhered to the substrate (2), with pores (3) found along the interface.  Through 

EDS elemental mapping and electron diffraction patterns (Figure 6.4 and Figure 6.13), a 

thin layer of identifiable Cr2O3 (4) was found at the splat–substrate interface and at the 

outermost surface of the splat.  Nickel oxide (NiO) and spinel nickel oxide NiCr2O4 (5), 

50μm 

A   A 
B       B 

2μm 

1. NiCr  

6. Delamination 

3 Poor contact 

4 

Pt 

Al

7. Oxide 
Larger image 

2μm 

5. Pore 

B-B 

A-A 

2. Good contact 

50μm 



159 

was also found at the base of the pore.  More importantly, a small amount of aluminum 

oxide (5), γ-Al2O3, was found at the wall of the pore (Figure 6.13). 

 

The formation of the small amount of aluminum oxide at the pore wall in Figure 6.12 was 

a very unusual feature.  It is not clear how a small amount of aluminum appears at this 

location.  One probable explanation is that local melting may occur near the pore.  The 

molten aluminum subsequently oxidised and attached to the pore wall as observed.  The 

existence of aluminum oxide on the pore surface was also observed in the case of splat 

deposition on the boehmitised samples which initially had a thick layer of surface oxide/ 

hydroxide, but in different mechanism (will be discussed in Section 6.3).     
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Figure 6.12. A bright-field cross-sectional TEM image of a halo donut splat with 

diameter of ~ 120 µm on the PT surface and EDS elemental maps of the region A.  
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Figure 6.13. Diffraction patterns of (a) NiO, (b) NiCr2O4, and γ-Al2O3  

 

Several cross-sectional FIB and TEM images between the halo donut splat and the 

substrate were performed.  Evidence of separated interfaces and pore formation along the 

interface confirmed the poor contact between the substrate and the halo donut splat.  

Delamination at the splat periphery was strongly observed in this splat type.  Significant 

amount of nickel and chromium oxides was found along the splat-substrate interface, and 

aluminum oxide and nickel/ chromium oxides at the pore wall.     
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Figure 6.14.  FIB cross-section of typical fragmented splats (A-A) and (B-B) on the P 

surface.  
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splat and the substrate.  Substrate melting occurred to form interlocking feature of the 

substrate within the splat (3).  It was also found from the cross section A-A that the 

substrate was strongly deformed, curved and lifted up under the impact of the splat (4).  

However, the substrate under the splat periphery was not deformed.  The situation was 

attributed to the bad contact between the splat and the substrate at this location, resulting 

in the absence of local substrate melting.   

 

Heating the substrate during spraying can significantly drive off the water contained in the 

surface hydroxide.  The drier surface led to the good contact between the splat and the 

substrate.  The good contact and high temperature of the substrate promoted the 

occurrence of substrate melting.  However, due to rapid solidification, the splat solidified 

before the occurrence of substrate jetting.  As a result, strong local deformation of the 

substrate but no evidence of jetting was observed (case A-A).  In contrast, if the 

solidification rate was slow enough, the liquid substrate had enough time to jet into the 

liquid splat and form interlocking features, as observed in B-B cross section.     
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Figure 6.15.  FIB cross-section of disk splat at different locations (c) (A-A), and (d) 

(B-B) on the PH surface.  
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the mapping shows that aluminum substrate was melted, splashed outward, and also some 

molten aluminum ended up on the top surface of the splat (3).   
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To track the elemental distribution across the splat–substrate interface, a line scan was 

performed at location L1 as marked in Figure 6.16b.  As can be seen in Figure 6.17, 

concentrations of nickel and aluminum across the interface region changed gradually.  

This suggested that atom diffusion between NiCr splat and aluminum substrate across the 

interface occurred.  The depth of the diffusion ranged from 400 to 600 nm.  Thus, 

evidence of jetting, strong deformation of the substrate, and atom diffusion results 

unambiguously confirmed that substrate melting has occurred at this location.  

 

Substrate melting occurred upon the impact of the splat.  Due to the high temperature of 

the substrate (350ºC) in this case, the solidification rate of the splat was slowed down.  

Mixing between the substrate and the splat established with the formation of new phase at 

the interface with substrate melting.  At high magnification, it was observed that the 

microstructure of the interface included two layers, as can be seen in Figure 6.16d.  Nano-

sized grains (4) were present near to the side of the NiCr splat.  However, close to the 

substrate, the grains become needle-like and normal to the substrate (5).  The electron 

diffraction pattern obtained from the interface showed an irregular array of reflections, 

making it impossible to identify the phase of the interfacial layers.  However, this layer 

was likely to be the intermetallic compound Al3Ni reported by Kitahara [30] for substrate 

melting of aluminum from the impact of the nickel splats.       
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Figure 6.16. (a) Typical NiCr disk splat with diameter of ~ 170 µm prior to cross 

sectioning (b) A bright-field cross-sectional TEM image across the central part of the 

disk splat, (c) elemental maps of the region A, and (d) high magnification image of 

the interface.   
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Figure 6.17. EDS elemental line scan across the splat-substrate interface in a region 

L1 indicated in Figure 6.16. 
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Figure 6.18. A bright-field cross-sectional TEM image of a NiCr disk splat and EDS 

elemental maps of the region B.   
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Figure 6.19. EDS elemental line scan across the splat-substrate interface in a region 

(a) L1, and (b) L2 indicated in Figure 6.18. 

 

Another TEM cross section was performed across the finger of the splat, marked as C in 

Figure 6.20.  The bright field image and elemental mapping revealed a mixture of NiCr 

and aluminum at the location 2.  However, aluminum was solely observed at other 

locations (3).  A thin layer of oxide, likely magnesium oxide, was found on the substrate 

P5L1

0

500

1000

1500

2000

2500

3000

3500

0 100 200 300 400 500 600 700 800 900 1000

Distance (nm)

C
ou

nt
s Al

Cr
Ni

P5L2

0

500

1000

1500

2000

2500

3000

0 200 400 600 800 1000 1200 1400 1600

Distance (nm)

C
ou

nt
s Al

Cr
Ni

Substrate 

Substrate NiCr splat Diffusion 

Diffusion NiCr splat 



170 

surface.  The existence of magnesium oxide on the PH surface was due to the segregation 

of magnesium to the outer surface with thermal treatment of the substrate, as discussed in 

Chapter 4, Section 4.2.1.   

 
Figure 6.20. A bright-field cross-sectional TEM image of a NiCr disk splat and 

elemental maps of the region C.   
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In summary, cross-sectional FIB and TEM images at different locations of disk splats on 

the PH surface revealed an excellent contact between the splat and the substrate.  

Significant substrate melting and inter-diffusion were observed along the interface.  

Neither pore nor nickel/ chromium oxide formation was observed at the interface between 

the splat and the substrate.     

 

Detailed cross-sectional FIB and TEM images were examined for various types of disk 

and splash splats deposited on to the P, PT and PH surfaces.  The important characteristics 

of each splat type were observed and summarized in Table 6-1. 
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6.2.6 Discussion 

 

The very high temperature of deposited NiCr particles and the low melting point of 

aluminum substrate enhanced the possibility of substrate melting upon the impact of the 

splats.  Detailed cross-sectional FIB and TEM images of different splat types on the P, PT 

and PH surfaces show that substrate melting and inter-diffusion between the splat and the 

substrate actually occurred in different splat types on the P, PT and PH surfaces.  More 

effective bonding was observed where substrate melting occurs.  Excellent splat-substrate 

contact was associated with disk splats on the PH surface.  Halo fingered splats and halo 

splats were in good contact with the substrate, whereas halo donut splats and fragmented 

splats poorly adhered to the surface.  Other features linked to the extent of the splat-

substrate contact were oxide formation and porosity at the interface (see Table 6-1).  

 

Excellent splat-substrate contact    

 

Excellent splat-substrate contact was observed for the case of disk splats which were 

virtually the only splat type on the PH surface.  As discussed in Chapter 4, surface 

hydroxide converts to oxide and releases water with thermal treatment.  Thus, thermal 

treatment the substrate at 350°C can significantly reduce the amount of vapor generated at 

the time of impact.  This reduction leads to a very good contact between the splat and the 

substrate and therefore low thermal contact resistance.  In this case, evidence of substrate 

melting with the depth up to several microns into the splats are frequently observed.  The 

melting results in the formation of a new inter-metallic phase, expected to be Al3Ni [30], 

at the splat-substrate interface.  There are also no observable central pore, voids, and 

oxides along the interface of disk splats and the PH substrate.  Thus, the features 

associated with excellent contact including substrate melting, inter-diffusion, jetting, no 

interfacial porosity and no oxides along the interface are correlated with low surface 

hydroxide content.                

 

Another key feature is the formation of the fingers at the PH disk splat periphery.  Cross 

sections through small fingers of this splat type, e.g. Figure 6.20 , reveal that the fingers 

are made up of mostly aluminum and some NiCr from the splat.  It is expected that upon 

impact of the splat, the substrate is melted by the heat transferred from the splat.  Due to 

the high dynamic pressure, the melted substrate is jetted into the splats and flow towards 
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the periphery of the splat.  At several points, the melted mixture of aluminum and NiCr 

splashes out to form the surrounding fingers at the splat periphery.   

 

Poor splat-substrate contact 

 

Large volume of water release from the dehydration of high surface hydroxide content 

inhibits the contact between the splat and the substrate.  This results in the poor splat-

substrate contact with separated interfaces and interfacial porosity, as in the cases of halo 

donut splats and fragmented splats on either P or PT surface.  In these cases, substrate 

melting is limited.   

 

Another feature that is different from the case of excellent splat-substrate contact (PH disk 

splat) is the formation of oxides at the pore wall (γ-Al2O3, NiO), along the splat-substrate 

interface (Cr2O3/ CrO3, NiO, NiCr2O4) and at the outermost of the halo donut splat surface 

(Cr2O3/ CrO3).  NiCr particles are deposited with the same spraying conditions and 

particle size distribution on the P, PT and PH substrates.  This eliminates the effect of 

spraying conditions and powder feedstock on the oxidation process.  However, while 

nickel and/ or chromium oxides are resided along the splat-substrate interface and at the 

outermost of the splat surface on the P and PT substrates, the oxides are found sparingly 

on the PH disk splats.  The difference in abundance indicates that these oxides are 

determined by post impact oxidation under the effects of water release from the 

dehydration of surface hydroxide.  More discussions about the mechanism of oxide 

formation follow in Section 6.3.   

 

There is no obvious evidence of inter-diffusion, jetting, or deformation of the substrate 

within the halo donut splat.  However, the unexpected detection of aluminum oxide at the 

pore wall may relate to the local substrate melting, which may occur at some locations 

near the pores along the interface.  As a result, molten aluminum moves with the fluid 

flow and then is oxidised to form aluminum oxide attached to the pore wall.  

 

All these features of poor splat-substrate contact, interfacial porosity and oxide formation 

at interface are connectable with higher surface hydroxide content. 
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Moderate splat-substrate contact 

 

If the surface hydroxide content is in between the two extremes above, a good splat-

substrate contact is achieved.  Halo fingered splats and halo splats on the P and PT 

surfaces possess this contact extent.  In this case, substrate melting is also observed along 

the interface, but is to a lesser extent compared to disk splats on the PH substrate.  Pores 

and oxides are also found along the interface in this case.  The formation of pores along 

the interface of these splat types are in agreement with the observable bubble formation at 

the splat underside (Chapter 5, Section 5.4.3).   

 

The interactions and microstructure of the collected splats with the stainless steel 

substrates were also examined.  However, the results have not been included in this thesis, 

but are available in the published literature [4, 6, 7, 9, 10].  It was confirmed that splat 

morphology and splat formation on the P, PT and PH surfaces were in the same manner to 

the splats on the aluminum substrates.  There was no observation of disk splats on either 

the P and PT stainless steel surfaces.  It was observed that preheating the stainless steel 

substrate before spraying resulted in a significant increase in the proportion of halo 

fingered splats (93%) on the PT sample comparing to 62% of that splat type on the P 

surface.  Studying the splat-substrate interfaces revealed a good contact between the splats 

and the P/PT surfaces.  Evidence of substrate melting and inter-diffusion between the halo 

fingered splats and the stainless steel substrate was observed at locations near the centre of 

the splat.  In contrast, substrate melting is limited with other types of splashed splats on 

the P and PT surfaces.  

 

Heating the stainless steel substrate during spraying (PH sample) resulted in the formation 

of only disk splats which were in excellent contact with the substrate.  Substrate melting 

and inter-diffusion to a depth of up to 300 nm occurred to a greater extent than for the case 

of P and PT samples.  However, substrate melting of the stainless steel substrates was less 

frequent than the case of the aluminum substrates with the same pretreatments.  This 

discrepancy was probably linked with the differences in melting point between aluminum 

substrate (660°C) and stainless steel substrate (1450°C), and also the wettability of the 

surfaces [4, 6, 7, 9, 10].               
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In summary, detailed cross-sectional FIB and TEM images confirms what we propose in 

previous chapter.  Thermal treatment of the substrate prior to spraying eliminates the 

effects of water release on the splat morphology and the quality of splat-substrate contact.  

These changes result in the formation of only disk splats on the PH surface.  Substrate 

melting which significantly improves the splat-substrate contact is frequently observed. 

 

Halo fingered, halo, halo donut, and fragmented splats are found on both P and PT 

substrates, but in very different proportions.  A much higher proportion of halo fingered 

splats and lower proportion halo donut splats and fragmented splats on the PT sample 

confirm that splat formation is significantly improved compared to the P sample.   

  

6.3 Influence of thick oxide layers on splat-substrate bonding  
 

As discussed in Chapter 5, there was no splat formation on boiled aluminum (either Bx or 

BxT) surfaces that were kept at room temperature during spraying.  In contrast, splats 

were found on the boiled aluminum substrates which were heated during spraying 

(referred to as BxH).  The difference in splat formation between these samples was 

strongly correlated to the presence of the thick layer of hydroxide and oxide on the 

substrate surface.  Upon impact, the dehydration of surface hydroxide to oxide occurred 

and released a larger volume of water which exploded and fragmented the liquid splat into 

small droplets scattering on the substrate surface.  Heating the substrate before spraying 

can significantly drive off the water, resulting in a better contact between the splat and the 

substrate and reducing the splashing of the splat.  Trompetter et al. [180] reported that the 

oxide layer must be removed for the occurrence of the metal-metal bonding with the 

molten splat in HVAF spraying.  In addition, there were limited studies to examine the 

role of a thick layer of oxide on the splat-substrate bonding in plasma spray.  Thus, the 

interface between the splats and the Bx, BxT, BxH substrates were studied to investigate 

the distribution of the oxide and hydroxide layer on the splat formation on these surfaces.  

 

6.3.1 Splat deposition on the boiled substrates held at room temperature  

 

Although there was no splat formation on Bx and BxT surfaces, evidence of splat impact, 

such as droplets, residues and impact marks were frequently observed on the surface.  
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Figure 6.21b shows a typical FIB cross section of a residue on the B30 surface (Figure 

6.21a).  FIB image revealed a very poor contact between the splat and the substrate.  Some 

NiCr droplets (1) were surrounded by a very porous structure (2), which was identified as 

nickel oxide and chromium oxide in the TEM section.  The diameter of the NiCr droplets 

was approximately 1.5 µm, which was significantly smaller than the particle size of the 

NiCr powder for splat deposition (from 45 to 106 µm).  This indicated that the NiCr 

droplets observed in Figure 6.21 was certainly from the splat splashing to form scattering 

droplets on the substrate surface.   

 

It was also observed that a flat dark thick layer of 350 nm approximately was found 

between the residue and the substrate.  This layer (3) was aluminum oxide which was 

identified later by elemental mapping.   

 

 
Figure 6.21. FIB cross sectional images of typical residue on the B30 surface. 

 

Figure 6.22 shows the cross sectional TEM image of a residue, which was similar to the 

residue in Figure 6.21, on the B30 surface.  Two dense NiCr particles with the diameter up 
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to 2 μm (1) were surrounded by porous oxides, which were identified as NiO (2) and 

Cr2O3 or CrO3 (3) by electron diffraction patterns (Figure 6.4).  From elemental mapping, 

the presence of aluminum oxide (4) at the interface was clearly determined.  Aluminum 

oxide was found as a thick layer on the substrate surface, and also relatively deep into the 

substrate.  In addition, a small amount of aluminum oxide was also found at the side of the 

NiCr particle.    

Due to the similarity of the electron diffraction patterns obtained for both aluminum oxide 

and boehmite, it was impossible to identify whether the thick layer was aluminum oxide 

(Al2O3) or pseudo-boehmite (AlOOH) by TEM X-ray electron diffraction.  However, ion 

beam analysis (Chapter 4) confirmed that the oxide layer was duplex with outer layer of 

pseudo-boehmite layer and inner layer of aluminum oxide.  Under impact of the splat, 

pseudo-boehmite at the outermost surface may be dehydrated to form aluminum oxide.  

Thus, the thick layer observed in Figure 6.22 was probably a mixture of both aluminum 

oxide and pseudo-boehmite.  

 

Through the TEM bright field image, void (5) and crack (6) were observed among the 

aluminum oxides.  It was expected that the loss of water due to the dehydration of surface 

hydroxide upon impact of the splat might cause the network progressively collapse, 

leaving the crack and void among the aluminum oxides.  In addition, magnesium (7) and 

iron intermetallic (8) particles were also detected.  The presence of these particles within 

the aluminum oxide/ boehmite layers was from the nucleation with hydrothermal 

treatment, which was discussed in Chapter 4, Section 4.2.4.  
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Figure 6.22. A bright-field cross-sectional TEM image and elemental maps of residue 

on the BT surface.   
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Cross sections through the droplet scattering on the B1 surface are shown in Figure 6.23.  

Again, a dark thick layer of aluminum oxide (2) was observed on the substrate surface.  It 

was also observed that a porous layer (3) was between the NiCr droplet (1) and the 

substrate surface.   

 

 
Figure 6.23. FIB cross sectional through residue and scattering droplet on the B1 

surface. 
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electron diffraction, it was confirmed that the porous oxides were NiO (3) and Cr2O3/ 

Cr2O (4).  Pore (5) was present at the centre of the NiCr droplet (1).  

 

 
Figure 6.24. A bright-field cross-sectional TEM image and elemental maps of a NiCr 

droplet with diameter of ~5 µm (inset image of the droplet at the top left).   
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comprised of a highly porous structure of aluminum oxide which the thickness was up to 4 

µm.   

 
Figure 6.25. FIB cross sectional images through the lump on the B1 surface. 

 

Several cross sections of the droplets, residues and lumps on the Bx and BxT surfaces 

were taken and examined.  The NiCr droplets poorly adhered to the substrate.  A thick 

layer of aluminum oxide presented on the substrate surface, indicating that the aluminum 

oxide (alumina, pseudo-boehmite or both) was not destroyed or removed upon the impact 

on the splats.  However, due to the brittle nature and porous structure of this layer, small 

amount of the oxide was ruptured and attached to the side of the NiCr droplets as 

observations.  It was also observed that significant amount of nickel oxides and chromium 

oxides were formed surrounded the NiCr droplets and residues, and along the interface.  

 

6.3.2 Splat deposition on the boiled substrate at the temperature of 350ºC 

 

Although there was no splat formation on boiled aluminum substrate which was kept at 

room temperature during spraying, significant numbers of splats were found on the boiled 

substrate which was heated at 350°C during spraying.  Cross sections of splats on these 

surfaces were performed to investigate the role of surface oxide in splat-substrate bonding.   

   

Cross sections of a typical fingered donut splat on the B1H surface were performed across 

the pockets on the surface at two locations as marked in Figure 6.26.  The splat was in 

poor contact with the substrate.  Pores (2) were observed along the splat-substrate 

interface.  A dark thick layer of aluminum oxide (3) was found on the substrate surface.       
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Figure 6.26.  Cross-sectional FIB of fingered donut splat at two locations of interest: 

(a) across the centre splat (A-A), and (b) near the central splat (B-B), (c, d) Higher 

magnification of a & b respectively.  
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Another cross sectional image was performed through the irregular splat on the B30H 

surface.  Aluminum oxide (2) was also present at the splat-substrate interface.  The splat 

bonded to the substrate, regardless the presence of such a thick layer of aluminum oxide.     

 

 
Figure 6.27. Cross-sectional FIB of irregular splat on B30H surface. The image 

shows an irregular surface oxide layer along the interface.   
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aluminum substrates with thick layers of surface oxide and hydroxide revealed that the 

oxide/ hydroxide layers were not ruptured or removed during the particle impact.  The 

oxide layer was present at the interface along the entire splat-substrate interface in 

different cross sections.  These results show that the splat-substrate bonding was 

independent on the presence of thick oxide layers on the substrate surface.       

 

The total thickness of the oxide/ hydroxide layers on the Bx, BxT and BxH surfaces are 

generally unchanged with thermal treatment.  There was a complete absence of splat on 

the Bx and BxT surfaces, whereas a large number of splats were found on the BxH 

surfaces.  This situation indicate that the difference in splat formation between the Bx, 

BxT and BxH surfaces was not due to the simple presence of thick oxide layer on the 

substrate surface.  This result are also in agreement with the numerical model of splat 

shape discussed in Chapter 7, where the model shows that the oxide thickness (up to 500 

nm) is not a dominating factor contributing to the change of splat morphology and the 

absence of splats on Bx and BxT surfaces.  It was also discussed in Chapter 5, Section 5.4 

that the differences in splat formation between B1H and B30H samples are attributed to 

the discrepancy in hydroxide thickness between them.  It is likely that the complete 

absence of splat formation on the Bx and BxT surfaces and the considerable difference in 

splat morphology between B1H and B30H samples were due to the water released from 

the conversion of thick surface hydroxide to oxide with input heat from the hot splats.       

 

Unlike the case of splat formation on the P, PT, and PH surfaces, there was no evidence of 

substrate melting in the case of splats on the Bx, BxT and BxH surfaces.  However, a 

small amount of aluminum oxide was occasionally found at the droplet sides.  As 

discussed in Chapter 4, the immersion of aluminum in boiling water produced a highly 

porous microstructure with a significant number of localized individual particles on the 

surface.  It is proposed that upon impact of the splat at high velocity, the brittle porous 

oxide was fractured and subsequently attached onto the droplet sides.   

 

Oxidation mechanism of the particles  

 

The high temperature of plasma spray can promote the oxidation of NiCr droplets.  The 

oxidation of metal particles in thermal spray coating can be influenced by various factors 

including spray parameters, ambient conditions, feedstock properties, and substrate 
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surface conditions.  The formation of oxides during plasma spraying can take place in 

flight or after impact during splat cooling (post impact oxidation) [25, 74, 223-225].  In 

the case of in-flight oxidation, several groups have presented evidence of the oxide 

segregation towards the front surface of the particles to form an oxide shell for different 

plasma sprayed materials such as nickel, steel and iron.  The accumulation of oxide at the 

front surface was attributed to the difference in viscosity between liquid metal and its 

oxide [74, 224, 225].   

 

Regarding oxidation of NiCr droplets, whilst Cr2O3 and CrO3 are thermodynamically 

more stable than NiO (Equation 6.1, 6.2, and 6.3), the rate of Cr2O3 and CrO3 formation is 

smaller than that of NiO by nearly three orders of magnitude [70].  It has been confirmed 

that kinetics are a dominant factor contributing to the oxidation of NiCr alloy [70, 226].  

Thus, a continuous layer of NiO was expected to form principally at the outermost surface 

if the particle was oxidized during flight.  The inner layer of the oxidation zone would 

comprise of Cr2O3 and NiO.  The existence of both NiO and Cr2O3 could promote the 

formation of a spinel oxide NiCr2O4 as per Equation 6.4 [227-229].  When the oxidised 

molten droplet strikes the substrate, the continuous layer of NiO would spread underneath 

the metal splat along the radial direction. Thus, a thin layer of NiO and possible NiCr2O4 

was expected along the splat-substrate interface, as seen in Figure 6.2, Figure 6.5 and 

Figure 6.12.  

 

However, there was no oxide formation observed at the splat-PH substrate interface.  In 

contrast, a significant amount of nickel and chromium oxides were formed at the pore 

surfaces along the interface of splats on the P and PT surfaces, and the surrounding 

scattered tiny droplets on the Bx and BxT surfaces.  These results implied that the 

oxidation process occurred at the substrate surface, post impact.  Upon impact, the droplet 

flattened and spread out to form the splat, whilst the substrate was heated.  The heat 

transferred to the substrate surface is sufficient to convert hydroxide to oxide and release 

water vapor.  The water vapor released exploded the liquid splat into small droplets 

scattering on the substrate surface.  The presence of H2O as an oxidizing agent increases 

the oxidation rate of nickel and chromium noticeably (Equation 6.5 and 6.6) [70], resulting 

in a large amount of nickel and chromium oxides around the droplets.  It was also 

observed that there was an absence of chromium oxide at the pore wall.  The absence was 

attributed to the high vaporization rate of chromium oxide  at very high temperature [227] 
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and the short time available for the formation of the oxide.   When the splat cooled, the 

diffusion of chromium from the splat to the outer surface of the splat occurred to form the 

most thermodynamically stable oxide of chromium.  Thus, there are two different 

oxidation processes of the particles.  The first process is the reaction between the particles 

and the water release from the substrate surface upon impact of the splat.  The second 

occurs on the outside of the splat during the splat cooling with air as the oxidizing agent.     

 

 2Ni + O2 = 2NiO   kJG
C

95.24901000
−=Δ  [Equation 6.1] 

 4Cr + 3O2 = 2Cr2O3   kJG
C

80301000
−=Δ   [Equation 6.2] 

 2Cr + 3O2 = 2CrO3   kJG
C

29201000
−=Δ   [Equation 6.3] 

NiO + Cr2O3 = NiCr2O4  kJG
C

8.801000
−=Δ   [Equation 6.4] 

 Ni + H2O = NiO + H2   kJG
C

501000
−=Δ   [Equation 6.5] 

 2Cr + 3H2O = Cr2O3 + 3H2  kJG
C

44301000
−=Δ   [Equation 6.6] 

 2Al + 3H2O = Al2O3 +3H2  kJG
C

89701000
−=Δ   [Equation 6.7] 

 

Thermal treatment of the substrates during spraying can reduce the effect of water release 

on the splat formation and morphology.  However, heating the boiled samples at 350°C 

for 30 minutes was insufficient to completely convert the surface hydroxide to oxide.  The 

released water was either trapped in the enclosed pore at the splat-substrate interface or 

flowed in radial direction toward the periphery of the splat during splat spreading.  As a 

result, nickel oxide was found to form on the wall of the pores or as a thin layer at the 

splat periphery.  When the volume of water release was large enough, the splat was 

fragmented as seen in the case of splats on the B30H surface.   

 

6.4 Conclusions 
 

Cross-sectional analysis of a range of splats sprayed on P, PT and PH surfaces revealed 

that substrate melting with diffusion and jetting of the substrate within the splat repeatedly 

occurred with the disk and halo fingered splats.  A new phase was observed at the splat-

substrate interface where substrate melting occurred.  Very good contact between the splat 

and the substrate was observed with the occurrence of substrate melting.  Conversely, 
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substrate melting was limited for the case of halo donut splats, which were poorly adhered 

to the substrate.  In addition to mechanical bonding, evidence of chemical bonding was 

observed.  Both mechanical and chemical bonding mechanisms were critical for the splat-

substrate bonding in this study.   

 

Another key finding is that the oxide layer on the substrate surface remained intact across 

the entire interface between the splat and the substrate.  This result challenges the theory 

that successfully bonding occurs when the surface oxide was removed or redistributed.  

 

The formation of a significant amount of chromium and nickel oxides surrounding the 

scattered droplets on the Bx and BxT surface suggests that the principal oxidation process 

occurs at the substrate surface where the splats are exposed to the water vapor-rich 

environment of the dehydration of surface hydroxide.  This observation is strengthened by 

the frequency of nickel oxide formation in enclosed pores and at the periphery of splat.  
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CHAPTER 7. NUMERICAL MODEL OF 

DROPLET IMPACT, SPREAD AND 

SOLIDIFICATION IN THERMAL SPRAY 
 

 

7.1 Introduction 
 

As discussed in Chapters 5 and 6, splat formation and morphology of NiCr and Ni 

particles on aluminum substrates are affected by the concentration and thickness of the 

hydroxide layer on the substrate surface.  Upon impact of the hot droplet, heat is 

conducted from the droplet to the substrate to dehydrate surface hydroxide and release 

water vapor.  This water layer inhibits the adhesion of impinging splats, restricts splat 

solidification, and provokes the splashing of the liquid film.  As a result, splash splats are 

form with poor adhesion to the substrate with pores along the splat-substrate interface.   

 

Thermal treatment of the substrates prior to spraying drives off water vapor, resulting in 

better contact between the splat and substrate.  The heating promotes the formation of 

disk-shaped splats, which had excellent contact with the substrate and no observable pore 

along the splat-substrate interface.       

 

Although the correlation between splat morphology and surface hydroxide is established, 

the mechanism that triggers splashing is unclear.  It is very difficult to directly observe the 

process of splat impact, spreading and splashing because these transformations take place 

simultaneously on a microsecond scale.     

 

To overcome this limitation, computer simulations have been extensively used to model 

impact dynamics and predict the splat morphology in various conditions.  The link 

between the models and the underlying theoretical equations improve the understanding of 

splat–substrate interactions.  However, the phenomena of splashing and splat morphology 

during the impact of a droplet on the substrate have not been well understood (as 

discussed in Chapter 2).  Besides, few numerical models have been developed that are 
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capable of simulating the splat type which has the central core surrounded by a ring of 

debris (halo splat type).  Furthermore, the influence of a thick layer of surface oxide and 

gas release on splat morphology have never been considered.  In this study, a three-

dimensional numerical model was developed using the commercial finite element 

modeling software Ansys CFX version 11.  The model simulates the impact of a molten 

nickel droplet on an aluminum substrate using different values of thermal contact 

resistance.  We assume that the effects of gas layers would dramatically increase the 

thermal contact resistance between the splat and the substrate.  In addition, the effects of 

surface oxide and water release on the splat morphology were examined.  The model 

explains the experimental observations well, including the fragmentation mechanism of 

the splat, the origin of the central pore, the effects of surface oxide and gas release on splat 

morphology, and the possibility of substrate melting phenomenon.  

 

7.2 Thermal contact resistance 
 

The solidification and spreading process of a molten splat depends strongly on the thermal 

contact resistance between the splat and the substrate [41, 46].  Thermal contact resistance 

accounts for the discontinuity at the splat-substrate interface and is a complex function of 

multiple parameters, such as substrate surface properties, spraying conditions, and the 

extent of the contact at the interface.  High thermal contact resistance reflects a poor 

contact between the two surfaces, and vice versa.  Thermal contact resistance varies with 

time and position along the interface.  Thus, it is impossible to measure the real value of 

thermal contact resistance.  Instead, a constant value of thermal contact resistance is 

typically used in numerical modeling of splat solidification and spreading process.  A brief 

discussion about thermal contact resistance between the splat and the substrate was 

included in Chapter 2, Section 2.8.   

 

In thermal spray coating, thermal contact resistance has been estimated based on the 

contact area between the splat and the substrate, using a one-dimensional analytical 

conduction model [41, 125].  In this method, the splat temperatures during spreading and 

solidification were measured.  The temperature evolution was used to determine the 

cooling rate of the spreading splats.  The thermal contact resistance between the splat and 

the substrate was then calculated using the one-dimensional heat conduction model from 
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splat cooling rates [41].  Reported values of thermal contact resistance range widely from 

10-9 to 10-5 m 2.K.W -1 for different cases from very good to poor contact, respectively, 

between the splat and the substrate [41, 42, 56].          

  

In this study, the temperature evolution of the splat during the spreading and cooling 

process was not measured.  Thus, values of thermal contact resistance between the splat 

and each type of substrates (e.g P, PT or PH samples) were not calculated.  Instead, 

different values of thermal contact resistance were fitted into the models to examine how 

this parameter affects the splat morphology. From experiments, splashing was observed 

with poor splat-substrate contact, corresponding to high thermal contact resistance [41, 51, 

126, 230, 231].  In contrast, better contact between the splat and the substrate indicates a 

lower thermal contact resistance.   

 

7.3 The analytical formulation of the problem 
 

7.3.1 Definition of terms 

 

B body force 

Cp specific heat capacity at constant pressure 

F mass fraction 

F volume of fraction of the droplet 

g gravity constant  

k thermal conductivity  

L latent heat of fusion 

Rc thermal contact resistance at the splat-substrate interface 

T temperature  

Tm equilibrium melting temperature  

p pressure 

t time  

u velocity vector 

α thermal diffusivity 

ρ density  

µ effective viscosity 
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σ  surface tension coefficient   

κ  surface curvature, taken positive if the centre of curvature is in air  

βγn
  

interface normal vector pointing from the droplet to air which is calculated from 

the smoothed volume of fraction 

βγδ
  

interface delta function which is zero away from the interface to ensure that the 

surface tension force is only active near to the interface. 

β  droplet  

γ air  

l liquid phase 

s solid phase 

sub substrate 

ox oxide 

 

7.3.2 Problem analysis 

 

The impact of a molten droplet on a substrate was modeled using a free surface model in 

which the fluids (droplet and air) were separated by a distinct resolvable interface.  The 

surface tension at the droplet – air interface was modeled as a volume force based on the 

Continuum Surface Force model (CSF) of Brackbill et al. [232].  As the molten droplet 

impacts the colder substrate, the droplet temperature rapidly decreases.  Once the droplet 

temperature reaches its melting temperature, it solidifies.  Because the heat transferred by 

convection and radiation are much smaller than that through conduction, they were not 

included in the model [56, 121].  Thus, the temperature evolution of substrate and droplet 

during droplet spreading and cooling was obtained using a transient heat conduction 

model.  Splat morphology is strongly dependent on the solid-liquid contact angle [232].  

The contact angle, which is a constant or dependent on the contact line speed, is usually 

experimentally obtained through enlarged photographs and measurements of each specific 

droplet on a substrate system.  Thus, it was difficult to get the true value of contact angle 

for each system.  Instead, in this study, dynamic contact angles were computed as part of 

the solution based on the volume of fraction (VOF) method [233].  The following 

assumptions were made to model the present problem mathematically.   

 

• The spherical droplet impact was normal on a flat surface; 
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• The liquid flow was laminar;  

• The velocity of the solid phase was zero; 

• Tangential stresses at the free surface was neglected;   

• No slip and no penetration boundary conditions were applied at the substrate 

surface; 

• The viscous dissipation was neglected;  

• Thermal contact resistance and surface tension were assumed to be constant in 

time;    

• The physical properties of the substrate were constant.  

 

With the above assumptions, the equations of mass, momentum, and energy conservation 

for the binary solid-liquid phase change system of a droplet are presented as below [233-

235]. 

 

Mass conservation  

 

 0=⋅∇ u  [Equation 7.1] 

 

Momentum conservation 
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Energy conservation 
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The relationship between droplet temperature and liquid mass fraction is given by: 
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The liquid and solid mass fractions are constrained to sum to unity, that is: 

 

 1=+ sl ff  [Equation 7.5] 

 

The locations of contact lines, the interface between the droplet and air fluids, and the 

shape and trajectory of the droplet were tracked using the “volume of fraction” (VOF) 

method [233].  The volume of fraction of the droplet (F) specifies the fraction of the 

volume of each computational cell in the grid occupied by the droplet and is defined to be 

unity for all the points inside the droplet and zero elsewhere.  A value of F between 0 and 

1 represents the interface between the droplet and air.  The volume of fraction of the 

droplet for a given flow is determined by the passive transport equation: 

 

 0).( =∇+
∂
∂ uF

t
F  [Equation 7.6] 

 

Body forces governing the droplet behavior include the buoyancy force and the surface 

tension force.  The buoyancy force is caused by the difference in density between the air 

and the droplet phase.  The surface tension force per unit interface area is given by 

Continuum Surface Force [232] model.  

 

 ( )gnF γβγβγβγβγ ρρδσκ −+=  [Equation 7.7] 

 

The stress boundary condition at the free surface is [232]: 

 

 βγγβ σκ−=− pp  [Equation 7.8] 

 

Heat transfer between the droplet and substrate was assumed to be due to heat conduction 

alone.  A thermal contact resistance (Rc) was used to account for the discontinuity at the 

interface between the droplet and the substrate: 

 

 )(1
sub

c
TT

R
− = 

x
Tksub ∂
∂   [Equation 7.9] 
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Since there is no flow inside a solid phase, the heat conduction equation through the 

substrate is written as: 

 

 subsub
sub T
t

T 2∇=
∂

∂
α  [Equation 7.10] 

 

 

7.4 Numerical procedure 
 

7.4.1 An overview of typical CFX method 

 

In this study, the commercial finite element code of Computational Fluid Dynamics (CFD) 

package Ansys CFX version 11 was used to model the solidification and spreading of 

droplet on the substrate.  A typical process of CFD simulation includes five main steps as 

shown in Figure 7.1.  More detail on how the CFX method was implemented in the 

simulation of the splat shape with phase change are included in the Appendix.  

 

 
Figure 7.1.  Typical process of a CFD simulation. 

Geometry 

Meshing 

Physics definition 

Solver 

Post-processing 

DesignModeler 

Ansys Mesh 

CFX Pre 

CFX Solver 

CFX Post 



196 

 

Step 1: Define a domain.   

 

In this step, the geometry of the boundaries of the domain, which represented the fluid 

flow regions, is created.  The geometry can be created by the DesignModeler module in 

Ansys Workbench or imported from another commercial Computer Aided Design (CAD) 

packages.  The geometry may consist of one or more solid bodies but these bodies must 

not overlap each other.  The geometry can be two dimensional (2D) or in three 

dimensional (3D).  In this case, the geometry of the impact has two main parts 

representing the droplet and the substrate (Figure 7.3).  

 

Step 2: Create the mesh. 

 

Being a finite element package, the CFX solver only works at discrete points.  Therefore, 

the domain which has been created in step 1 must be divided up into a mesh.  This mesh 

includes all the points and the connections between them.  Finite volumes or elements can 

be generated using CFX-mesh or imported from another meshing utility.  The elements 

can be prisms, tetrahedrons, pyramids, hexahedrons, or their combinations (Figure 7.2).  

The selection of a suitable mesh type and mesh size depends on different features, such as 

geometry of the object and computing power.  In this study, a uniform hexahedral type 

was chosen for both substrate and droplet domains.  The mesh size was set at 20 cells per 

initial droplet radius [81, 82].  These settings are high enough to ensure grid independent 

results, whilst the computing time still remains reasonable. 

 

 
Figure 7.2. Element types: (a) prism, (b) tetra, (c) pyramid, and (d) hexahedral.  

 

Step 3: Define the equation. 

 

(a) (b) (c) (d) 
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Once the mesh is created, the physics of the model with material properties, initial 

conditions for a transient model, and boundary conditions is defined in CFX-Pre.   

 

Step 4: Solve the equation. 

 

The defined problems are then solved iteratively from the CFX-Solver-Manager Graphical 

User Iterface (GUI) or as a batch queue from the command line.  In this study, an initial 

time step was set at very low value (1x10 -10 s) to start the computation.  Once the 

convergence and domain imbalance were achieved (about 50 times), the time step was 

subsequently increased to 5x10 -10 s to reduce the computing time.   

 

Step 5: Extract the results. 

 

Finally, the results were analyzed and visualized, in graphical or numerical format with 

the interactive post-processing graphic tools in CFX-Post.  In this study, different 

parameters can be obtained from the model, including the splat morphology, temperature 

evolution of the splat and the substrate, pressure distribution within the splats, solid and 

liquid mass fraction as a function of time, surface velocity of the splat, and so on.  

 

7.4.2 Numerical procedure of free surface flow of a droplet 

 

The governing equations are represented discretely in unstaggered, co-located grids and 

solved by an algebraic multi-grid solver for each control volume [236].  The general 

solution algorithm for each time step is summarized as follows: 

 

1. Determine the fluid topology by updating all the volume of fraction functions (F).  

The volume of fraction of the fluid is defined by solving Equation 7.6 through the 

step function using VOF tracking method; 

2. Interpolate the above solution to get the normal vectors of the interface and the 

surface curvature from the volume of fraction using the CSF model;  

3. Obtain the body force from Equation 7.7;    

4. Solve the mass and momentum conservation equations (Equation 7.1 and 7.2) to 

get the coupled value of pressure and velocity fields; 
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5. Solve the implicit energy conservation for the droplet temperature (Equation 7.3 

and 7.4) with given liquid mass fraction (fl) and calculated velocity;  

6. Update value of liquid mass fraction from Equation 7.5; 

7. Update the liquid-solid boundary after a given time period based on liquid and 

solid mass fraction;  

8. Solve Equation 7.9. for substrate surface temperature; 

9. Solve the heat conduction Equation 7.10 in substrate to get substrate temperature 

evolution; 

10. Reiterate these steps to solve the problem through a given time interval.  

 

A free surface domain for the droplet was made with the dimensions of 10r x 10r x 2.1r, 

where r is the initial radius of droplet.  The length of the substrate was chosen to ensure 

that the bottom substrate temperature is constant at 25°C.  Heat transfer equations with the 

phase change induced by inter-phase heat transfer inside the flow were incorporated into 

the program using a multiphase Eulerian-Eulerian fixed-grid model.  Properties of a 

homogeneous binary mixture of solid and liquid undergoing phase change at the melting 

temperature were used as unified properties of the droplet.  The latent heat of fusion was 

indirectly obtained as the difference between static enthalpies of the two phases at the 

selected melting point and reference pressure of 1 atm.  Only a quarter of the domain was 

modeled to reduce processing time.  Symmetry boundary conditions were applied to two 

new boundaries.  Adiabatic boundary conditions were used at the droplet-free surface 

(Figure 7.3).  The physical properties of a pure nickel droplet and substrates are tabulated 

in Table 7-1.  To improve accuracy and stability of the solutions, a uniform hexagonal 

mesh was used.  The mesh size was set to 20 meshes for the initial droplet radius (Figure 

7.3).  The same mesh size was applied for the substrate domain.  A very small time step of 

0.5 ns was used in the model to improve convergence and limit domain imbalance (below 

0.1%).  The schematic of the droplet and the substrate domain with boundary conditions, 

and programming codes were included in Appendix. 
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Figure 7.3. (a) Schematic of the droplet on substrate with thermal contact resistance 

(Rc) at the droplet-substrate interface, and (b) meshing of the computational 

domains.  

 

 

7.5 Model validation 
 

Before applying the model to simulate the splat morphology as a function of thermal 

contact resistance in subsequent parts, the model was first validated against the 

experimental results of McDonald et al. [40].  McDonald et al. [40] photographed images 

of the spreading and fragmentation of plasma-sprayed nickel with a diameter of 

approximately 60 µm on the stainless steel substrate.  The substrate was preheated at 

350°C for 30 minutes and then air-cooled to room temperature before spraying.  The 

photographs were captured using a fast charged-couple device (CCD) camera.  It was 

shown that the splat spread out upon impact to a maximum diameter and then broke up, 

leaving a small centre core area surrounded by ring of fragments (Figure 7.4).  The 

maximum diameter at which the droplet stopped spreading was approximately 655 µm. 

After breaking up, the remaining central core had a diameter of about 110 µm, excluding 

the surrounding fragments.      
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Figure 7.4. Images of nickel splat on the stainless steel substrate which was preheated 

at 350°C for 30 minutes and then air-cooled to ambient condition before spraying 

[40]. 

 

McDonald et al. [40] used a rapid two-color pyrometer to track the temperature evolution 

of the splat on the above preheated stainless steel substrate.  Temperatures were measured 

on the splat surface and averaged to give the value used in determining the average 

cooling rate of spreading particles.  From this cooling rate, thermal contact resistance was 

estimated at approximately 1.5x10 -5 W-1.m2.K [40, 41].         

 

The initial temperature and velocity of a 60 µm diameter nickel droplet at impact on the 

substrate were measured by McDonald et al. to be 1975°C and 71 m.s-1 respectively [40].  

These values were used as initial conditions in our current model.  The thermal contact 

resistance used in our model was adjusted empirically to give the best agreement between 

the measurement of temperature evolution by McDonald et al. [40] and our numerical 

results.  The physical properties of nickel and stainless steel used in our model were 

obtained from Reference [212] and summarized in Table 7-1.   

 

Figure 7.5a shows the computer generated images of the nickel splat on a stainless steel 

substrate with the thermal contact resistance of 1x10-5 W-1.m2.K.  Immediately after 

impact, the droplet flattened and spread out in radial direction.  The liquid continued to 

flow and spread out to the maximum diameter of 194 µm at 0.52 µs approximately (Figure 

7.5a).  Then, the splat fragmented and detached from the surface, leaving the central core 

splat with a diameter of 114 µm, surrounded by debris.  This splat morphology is in good 

Final diameter – 110 µm 
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agreement with experimental results (Figure 7.5b).  The average temperature of splat from 

the simulation also shows a very good agreement with experimental value (Figure 7.6).   

 

The best agreement in splat shape and splat temperature profile (Figure 7.6) gave a small 

difference in thermal contact resistance between the value proposed by McDonald et al. 

[41] (1.5x10-5 W-1.m2.K) and present simulations (1x10-5 W-1.m2.K) (Table 7-2).  The 

average thermal contact resistance value from McDonald et al. [41] was evaluated using a 

one-dimensional heat conduction model based on the average cooling rate of the splat and 

constant splat thickness at the maximum extent.  However this model did not include the 

effect of kinetic energy in the beginning stage of the spreading process which is believed 

to strongly affect the thermal contact resistance.  In addition, the temperature evolution 

and cooling rate were calculated based on the temperature measured only on the splat top 

surface.  However, upon impact with the colder substrate, the temperature of the splat 

underside is expected to drop faster than the upper surface of the splat because of the heat 

sink effect of the substrate mass.  Thus, the average solidification rate of a whole splat 

should be larger than that of only splat surface.  These large difference in temperatures 

across the splat were not included in the one-dimensional heat conduction model of 

McDonald et al. [41].  Thus, the result of these simplifying assumptions was an 

overestimation of the value of the thermal contact resistance by McDonald et al. [41] 

using one-dimensional heat conduction model.  

 

It was also observed that the maximum diameter from the experiments was 655 µm [40] 

while the simulation predicts the diameter of 194 µm approximately.  The probable reason 

for the difference in maximum spreading diameter is the effect of air trapped at the splat-

substrate interface and/ or water release from the substrate, which would have occurred in 

the experimental system, but are not included in the numerical model.  Although the 

stainless steel substrate was preheated, it is possible that the surface hydroxide was not 

completely dehydrated during pre-heating or was reformed in the atmosphere before 

spraying.   The subsequent water release during splat impact forms a gas barrier between 

splat and substrate.  The flow of the released water will alter the spreading ability of the 

splat which is still in the liquid phase.  In that case, a non-slip boundary condition at the 

splat-substrate interface is no longer applicable.  The applicable slip boundary condition 

may strongly influence the maximum spread diameter.   
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Figure 7.5. (a) Numerical simulation image of nickel droplet on the stainless steel 

substrate with the thermal contact resistance of 1x10-5 W-1.m2.K, (b) experimental 

photographs of nickel splat on the stainless steel substrate which was preheated at 

350ºC for 30 minutes and then air-cooled to ambient condition prior to spraying [40]. 
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Figure 7.6. (a) Measured cooling curve from experiments [40], and (b) Cooling curve 

from numerical simulation of nickel droplet on stainless steel substrate with thermal 

contact resistance of 1x10-5 W-1.m2.K.  
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Table 7-1. Physical properties of droplet and substrate used in the simulation. 

Physical properties [212, 237] Nickel Stainless steel Aluminum Aluminum oxide Saturated water  Unit 

Impact temperature  1900 25 25 25 °C

Impact velocity 100  m.s-1

Melting point temperature  1453 660 2072 °C

Surface tension 1.78  N.m-1

Viscosity 3.3x10-3  Pas

Latent heat of fusion 2.9x105  J.kg-1 

Thermal conductivity of liquid 43  0.12 W.m-1.K-1

Thermal conductivity of solid 80 28 238 17 W.m-1.K-1

Specific heat capacity of liquid 620  18,300 J.kg-1.K

Specific heat capacity of solid 595 690 984 780 J.kg-1.K

Density of liquid 7,780  117.65 Kg.m-3

Density of solid 8,450 7854 2700 3500 Kg.m-3

Thermal diffusivity 5.1 x 10-6 89.5 x 10-6 6.2 x 10-6 5.6 x 10-8 m2.s-1
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Table 7-2. Average maximum spread factors (ξmac= Dmax/D0), maximum spread 

diameter (Dmax) and final diameter (D) of nickel splat on preheated stainless steel at 

350°C: comparison between McDonald et al. results [41, 238] and present model. 

 Mc Donald et al. [40, 41] Present model 

Maximum spread factor, ξmac 10.8 ± 0.3 3.2 

Maximum diameter, Dmax, µm 655 ± 20 194 

Initial diameter, D0, µm 60.8 ± 1.5 60 

Final splat diameter, D, µm 110 114 

Thermal contact resistance, Rc, W-1.m2.K 1.5 x 10-5 1x10-5 

Cooling rate (dT/dt), K.s-1 6.8 x 107 7.7 x 107 

 

The similarity in splat shape, final diameter, temperature profile, and cooling rate of splat 

and thermal contact resistance at the splat-substrate interface between experiments and 

present simulations (Table 7-2) confirmed the validity of the present model.  In the next 

parts, the model was used to predict the nickel splat shape on an aluminum substrate with 

various values of thermal contact resistance.  Then the model was extended to include the 

effect of surface chemistry, in particular the oxide thickness, on the splat morphology.  

 

 

7.6 Nickel splat morphology as a function of thermal contact 

resistance (Rc) 
 

In this study, the impact of a molten nickel droplet on an aluminum substrate using 

different values of thermal contact resistance was examined.  A constant value of thermal 

contact resistance was fine-tuned in the range of reported values from 10-9 to 10-5 m 2.K.W 
-1 to give the best agreement in splat morphology between numerical results and 

experimental observations (Chapter 5, Section 5.5).  In order to directly compare the 

simulation results with the empirical observation, the initial average temperature and 

velocity of nickel droplet, which were measured using DPV-2000 system (Tecnar, 

Canada) in splat deposition, were used as initial conditions for the numerical set ups.  The 

parameters used throughout all numerical models below were summarized in Table 7-3.  

As mentioned in Section 7.4.2, a free surface domain for the droplet was chosen with the 

dimensions of 10r x 10r x 2.1r, where r is the initial radius of droplet.  In this study, an 
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initial droplet diameter was chosen at 20 µm, which was in the middle of the 11-45 µm 

range measured empirically for nickel particles.   Nevertheless, the mesh size of 20 cells 

per initial droplet was applied to make the model results independent on the initial droplet 

radius.   

 

Table 7-3. Impact and surface parameters used in simulations. 

Initial diameter, µm 20 

Impact temperature, ºC 2427 

Impact velocity, m.s -1 120 

Substrate temperature, ºC 25 

Thermal contact resistance, W-1.m2.K Varies 

 

 

7.6.1 Splat morphology with the thermal contact resistance of 1x10-6 W-1.m2.K 

(poor splat-substrate contact) 

 

Figure 7.7 shows the simulated sequence of a 20 µm diameter nickel splat on an aluminum 

substrate which held at room temperature during the impact of the droplet.  The thermal 

contact resistance (Rc) at the substrate surface was assumed to be 1x10-6 W -1.m 2.K.  The 

time elapsed from the moment of impact is indicated next to each frame.  When a molten 

droplet impacts the solid substrate, the droplet velocity rapidly decreases and its kinetic 

energy is converted to potential energy which causes a pressure build-up at the droplet-

substrate interface (Figure 7.8a).  The pressure at the contact point increases to a very high 

value (160 MPa approximately) in a very short period of time (0.01 µs).  Due to the very 

high pressure inside the droplet, the droplet deforms and spreads radially to form a splat.  

As the droplet spreads on the substrate, the pressure rapidly decreases. Over time, the 

pressure all over the splat reduces to ambient pressure, as shown in Figure 7.8b.   

 

The evolution of temperature at the centre of the splat is shown in Figure 7.9.  The bottom 

surface of the splat is the centre of the impact at the splat-substrate interface.  The top 

surface of the splat is located 1 µm above the centre of impact.  It was observed that when 

the splat is in contact with the colder substrate surface, the temperature of the splat 

underside quickly decreases to below the melting point of nickel (1453°C) [212].  A thin 

layer of solid is formed at the splat underside.  However, due to the high temperature of 
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the top of the splat, the temperature of the splat underside then increases through thermal 

conduction, resulting in re-melting and re-freezing phenomena of the splat underside.  The 

splat underside at the contact point is not in a permanently solid state until 0.95 µs.  At this 

stage, the splat top is still in the liquid state.  Heat is then continuously transferred from 

the hot splat to the colder substrate.  The temperature of the top surface of the splat rapidly 

decreases to the melting point after 1.1 µs (Figure 7.9).  During the solidification process, 

its temperature remains unchanged and the solidification process completes after 1.2 µs 

approximately.  The solidified splat continues to cool for a further 2 µs.  The average 

cooling rate is estimated from the temperature history to be about 8x108 °C s-1.   

 

It was observed from the half cross-section of the splat that a central pore is formed in the 

early stages of the splat spreading (Figure 7.7b).  The formation of this central pore is 

expected due to the change of the surface curvature of the droplet.  When the droplet hits 

the substrate, a high pressure is built up at the point of contact (Figure 7.8b).  Thus, the 

normal pressure gradient from the contact point towards the free surface of droplet is 

positive, resulting in the positive value of surface curvature (κ) as per Equation 7.8.  This 

positive value indicates a concave curvature of the free surface at the contact point.  The 

pore then moves outwards slightly with the fluid flow, resulting in the formation of the 

central pore of approximately 1.5 µm.       

 

Curling up at the edge of the splat is observed in the early stage of the spreading (Figure 

7.7b).  Splat curling at the periphery was frequently observed in splat cross sections 

presented in Chapter 6.  The phenomenon can be explained by the stress generated by 

thermal expansion mismatch at the splat-substrate interface, and from the surface tension 

of the splat droplet.  Though thermal stress is not included in the model, curling is still 

predicted in the simulation.  Thus the splat curling up can be explained solely on the basis 

of surface tension as the dominant factor, as described below.  

 

It was found from the modeling that, the contact pressure rapidly decreases during the 

droplet spreading.  Particularly, the contact pressure at the periphery is significantly 

smaller than that at the central splat (Figure 7.8b).  Thus, the impact pressure at the 

periphery of the splat is not enough to overcome the capillary pressure required to force 

liquid into the surface crevices where it would otherwise solidify and bond to the 

substrate.  Without this bond, the splat edge could not be kept in place against the surface 
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tension which pulls the splat edge inwards.  The direction of the surface tension force 

vector in this model is consistent with previous work [239], resulting in the curling up of 

the splat at its perimeter.   
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Figure 7.7.  (a) The sequence of the numerical simulation of a nickel splat onto an 

aluminum substrate with Rc of 1x10-6 W-1.m2.K, (b) a schematic diagram of a half 

cross-section of a splat.   
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Figure 7.8.  (a) Pressure distribution at the contact point, and (b) pressure 

distribution as a function of time and radial location.  

 

 
Figure 7.9. Temperature evolution of splat top and splat bottom at the contact point. 
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Upon impact, the droplet spreads radially to form a splat.  Due to the high velocity of the 

droplet, the inertial force was much larger than the surface tension force in the early state 

of the spreading.  The velocity distribution of the splat is illustrated in Figure 7.10.  The 

velocity of the fluid flow is highest at the splat periphery, where the cross sectional area is 

smallest and all of the momentum transferred to radial direction.  The maximum velocity 

at 0.06 µs is about 254 m.s -1, which is much higher than the velocity of the droplet at 

impact (100 m.s -1).  The flow velocity gradually reduces over time and the velocity at the 

splat periphery is no longer the highest.  The droplet continuously spreads into a thin sheet 

with a maximum diameter of 76 µm at 0.4 µs (Figure 7.7).  At this time, the whole splat is 

completely in the liquid state, as can be seen from temperature evolution of the splat 

(Figure 7.9) and the fluid mass fraction of the splat top and bottom (Figure 7.11a and 

Figure 7.11b respectively).  The liquid sheet subsequently disintegrates, initially from the 

splat edge and then to sites near the central part of the splat.  The break-up process 

completes at a time of approximately 1 µs, leaving a central core remaining on the surface, 

surrounded by circular ring of debris.  The final diameter of the central core obtained from 

the simulation is approximately 44 µm.  The flattening ratio of the splat, which is defined 

as the ratio of final splat diameter and initial diameter of the droplet, calculated from the 

simulation results is 2.2.  The splat thickness ranges from 0.3 µm to 1.1 µm (Figure 7.7b).   

   

McDonald et al. [40, 83] photographed the spreading and splashing of plasma-sprayed 

molybdenum and nickel particles on glass and stainless steel substrates respectively.  

These substrates were held at room temperature during spraying.  It was observed that a 

central core splat, surrounded by a ring of debris, was formed on these surfaces.  The 

authors suggested that the central core splat made good physical contact with the substrate, 

whilst the rest of the splat was poorly adhered.  Therefore, different values of thermal 

contact resistance were applied along the contact between the splat and the substrate.  A 

lower value of thermal contact resistance (1x10-7 W-1.m2.K) was applied for the central 

core of the splat and a larger value (5x10-5 W-1.m2.K) was specified for the rest of the 

splat.  Due to the smaller value of thermal contact resistance, the central core solidified 

first and remained attached to the surface.  The rest of the splat which was still in liquid 

form continued to spread and disintegrate.  Finally, a central core was formed, surrounded 

by a ring of debris.  The fragmentation was suggested to be caused by different 

solidification rates, which depended on the thermal contact resistance along the splat-

substrate interface.  In our current model, however, fragmentation and splashing of the 



212 

splat were observed with a constant value of thermal contact resistance throughout the 

substrate surface.  This indicated that the fragmentation of the splat here was not solely 

due to the variations of the thermal contact resistance along the splat-substrate interface.  

 

Other modeling studies [17, 18, 56] propose that the break-up of the splat is due to the 

different velocities between the solid portions at the splat bottom and the remaining liquid 

of the splat from the solidification of the splat.  Splashing could be eliminated completely 

if the droplet did not start solidifying until it had finished spreading [17, 18, 56].  

However, our current model shows that the splat may start disintegrating even before 

solidification occurrs.  This result indicates that the fragmentation of the splat as observed 

in this thesis is not solely due to the solidification of the splat.  In other words, the 

splashing of the splat in our model is not due to freezing-induced splashing mechanism.  

The variations of the thermal contact resistance along the splat-substrate interface can not 

be used to explain the splashing in our model.  It was expected that the break-up as 

observed may be the result of Rayleigh-Taylor instability [240], which occurs when a light 

fluid is accelerated into a heavy fluid.  The role of Rayleigh-Taylor instabilities in 

splashing has been proposed by Allen [241].  However, the detailed mechanism involved 

has not been studied fully yet.  In our model, the light fluid is air (density 1.2 kg.m -3) and 

the heavy fluid is liquid droplet (density 7,780 kg.m -3).  We propose that upon the impact 

of the droplet, air is trapped at the splat-substrate interface.  High velocity of the liquid 

droplet, which causes a pressure build-up at the droplet-substrate interface (Figure 7.8a), 

induces a good contact of the splat with the substrate.  As the droplet spreads on the 

substrate, the pressure and the overall fluid velocity rapidly decrease.  At the maximum 

extent, surface tension is more dominant than the inertial force.  Due to the surface tension 

and the variation of the velocity field of the fluid flow along the contact line between the 

droplet, air and substrate at the periphery, the leading edge become unstable and result in 

the perturbation at this location.  The perturbation breaks up the stability of the interface 

h splat type were quantified for both the B1H and B30H samples and shown in � REF 

ef245216642 \h ��Figure 5.19�.  There was a considerable difference in splat formation 

n the B1H and B30H substrates.  No disk splats were foundsplat at the periphery (Figure 

0.42 µs).  The perturbation then continues to move further towards the centre of the splat, 

resulting in a significant fragmentation of the splat.  This movement generates the satellite 

droplets that forms a ring of debris surrounded the central core of the splat.  Thus, the 
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splashing mechanism in our model is attributed to the instability of a rapidly decelerating 

interface and the subsequent formation of dominant surface tension.  

 

 
Figure 7.10. Surface velocity development during droplet impact. 
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Figure 7.11. Solidification front advancing of splat top and bottom of nickel splat on the aluminum substrate with time.  The thermal 

contact resistance was 1x10-6 W-1.m2.K. 
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7.6.2 Splat morphology with the thermal contact resistance of 3x10-7 W-1.m2.K 

(moderate splat-substrate contact) 

 

Figure 7.12 shows the final splat shape of a nickel droplet on aluminum substrate with the 

thermal contact resistance of 3x10-7 W-1.m2.K.  Fragmentation of the splat was repeatedly 

observed, but to a lesser extent than the previous case with the thermal contact resistance of 

1x10-6 W-1.m2.K.  Similar to the previous case, a central core of the splat, surrounded by small 

satellite droplets, was formed.  In addition, few small fingers radiating from the central core 

of the splat were observed. 

 

It was expected that decreasing the thermal contact resistance sped up the onset of the splat 

solidification.  The solidification was fast enough to inhibit a full disintegration of satellite 

droplets out of central core of the splat as in the previous case.  Some liquid ligaments still 

attached to the central core of the splat, resulting in the formation of a few small fingers 

radiating from it.  The diameter of the central core was approximately 45 µm which was 

similar to the diameter of the central core of the splat from the previous case.     

 

 

 
Figure 7.12. Numerical simulation image of nickel splat shape at 2 µs with the thermal 

contact resistance of 3x10-7 W-1.m2.K.  
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7.6.3 Splat morphology with the thermal contact resistance of 1x10-7 W-1.m2.K (good 

splat-substrate contact) 

 

Extensive splashing was observed with the thermal contact resistance of 1x10-6 W-1.m2.K and 

3x10-7 W-1.m2.K.  To further study the relation between splashing and the thermal contact 

resistance, lower value of this parameter was tested.   

 

Figure 7.13 shows the splat shape and its cross section with the thermal contact resistance of 

1x10 -7 W -1.m 2.K.  Upon impact, the droplet spreads to form a disk-shaped splat with a 

maximum diameter of 70 µm at 0.4 µs.  Then the break-up of the splat is observed.  As can be 

seen from the top view of the splat (Figure 7.14a), cracks are initially observed at the splat 

periphery at the time of 0.54 µs.  Because the thermal contact resistance is relatively small, 

the heat is rapidly conducted to the substrate.  This resulted in the faster solidification of the 

splat underside.  The simulation, as shown in Figure 7.14, indicated that the splat underside is 

solidified at the splat periphery whereas the splat top is still in liquid state at 0.54 µs.  

Therefore, the fragmentation of the splat in this case is caused by the different velocities 

between the liquid and solid portions of the splat.  The fragmentation first starts at the 

periphery of the splat and then moves towards the central part of the splat.  However, due to 

the rapid solidification of the splat, the disintegration is limited.  Consequently, a disk-shaped 

splat with a diameter of approximately 70 µm is left with some cracks on its surface.  No 

splashing to form satellite droplets is observed in this case.   

 

Splat delamination at the splat periphery and pores at the splat-substrate interfaces are also 

observed in the simulation.  The central pore is formed in the early stage of the spreading due 

to build up of high pressure at the contact point.  This pore subsequently reduces its size with 

the decrease of the pressure over time and finally disappears at the time of 0.5 µs.  Under the 

effect of surface tension, the liquid splat moves back in to fill the central pore, resulting in the 

disappearance of the central pore.   
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Figure 7.13. (a) The sequence of the simulation of a nickel splat onto an aluminum 

substrate with the thermal contact resistance of 1x10-7 W-1.m2.K, (b) a schematic 

diagram of a half cross- section of a splat.   
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Figure 7.14. Solidification front advancing of splat top and bottom of nickel splat on the 

aluminum substrate with time.  The thermal contact resistance was 1x10-7 W-1.m2.K.  
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The temperature evolution of the splat top and bottom at the contact point is also presented in 

Figure 7.15.  There were re-melting and re-freezing phenomena in the splat bottom, as in the 

previous case.  However, due to the lower value of thermal contact resistance, the time during 

which the splat bottom was in liquid state was shorter than in the case with Rc of 1x10-6 W-

1.m2.K.  This also corresponded to a faster solidification rate of 1.1x109 ºC.s-1.  In addition, it 

was observed that the maximum temperature of the substrate was 234°C, which was well 

below melting point of aluminum substrate (660°C) [212].  This indicates that substrate 

melting does not occur if the thermal contact resistance is 1x10-7 W-1.m2.K.   

 

 

 
Figure 7.15. Temperature evolution of splat top and splat bottom at the contact point in 

the case of Rc  = 1x10-7 W-1.m2.K. 
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causing more rapid solidification of the splat on the substrate surface.  This retards the 

spreading of the splat and results in the reduction of the maximum diameter of the splat.        

 

It was also observed that small cracks develop at a time of 0.32 µs.  However, the cracks 

subsequently disappear with the splat spreading.  As a result, a perfect disk-shaped splat, 

without splashing, is obtained.  The diameter of the final splat is 56 µm, which increases 27% 

compared to the splat diameter of the case with the thermal contact resistance of 1x10-6 W-

1.m2.K.  The flattening ratio is 2.8.  The average splat thickness is approximately 2.5 µm.      

 

The substrate surface is heated from the impacting splat at a sufficiently high temperature in 

sufficient time, resulting in substrate melting phenomena.  In this case, substrate temperature 

reaches the equilibrium melting point of aluminum, 660ºC.  Due to the formation of the pore 

at the centre of the splat, the splat-substrate interface changes from contact to non-contact at 

this location.  As a result, the temperature at the centre of the splat is no longer the highest.  

The evolution of substrate surface temperature at the centre, and at locations of 3 µm and 10 

µm, as shown in Figure 7.17, suggests that the substrate melting occurs at locations just 

outside of the centre of the splat in the early state of the splat spreading.  Once the substrate 

melted, a thin layer of liquid substrate was pushed ahead of the interface toward the NiCr 

splat, which was still in liquid state at this moment, in order to establish an equal distribution 

of internal energy.  Examination the temperature distribution of the substrate surface reveals 

that substrate melting should occur within a radius of 20 µm from the splat centre.  However, 

experiments (Chapter 6) show several melting locations even further towards the edge of the 

splat.  The model assumes high level of contact with thermal contact resistance of 1x10-8 W-

1.m2.K, which is less than a perfect contact (R c = 0).  However, perfect contact might occur at 

specific locations near the edge of the splat, leading to substrate melting at these locations as 

empirical observation.  
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Figure 7.16. (a) The sequence of the numerical simulation of a 20 µm diameter nickel 

splat at 24270C with a velocity of 120 m.s-1 onto a aluminum substrate held at 250C with 

the thermal contact resistance of 1x10-8 W-1.m2.K, (b) a schematic diagram of a half 

cross- section of a splat.   
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Figure 7.17. Temperature evolution of substrate surface at (a) centre, (b) at location of 3 

µm, (c) and 10 µm from the centre of the impact with the thermal contact resistance of 

1x10-8 W-1.m2.K. 

 

7.6.5 Effect of substrate temperature on the splat morphologies 

 

The influence of substrate temperature on splat morphology and splat-substrate interface was 
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splat-substrate interface.         
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Figure 7.18 shows the splat morphology at 2 μs of a nickel particle on aluminum substrates 

held at 350°C with the thermal contact resistance of 1x10-8 W-1.m2.K.  Heating the substrate at 

350ºC delays the solidification process of the splat.  As a result, the splat is in liquid state long 

enough to spread out to a maximum extent with the diameter of 67 μm.  The splat is then 

started fragmenting, resulting in the formation of a splat surrounding by a circular ring.  The 

splat diameter and thickness are 45 μm and 2.2 μm respectively.  The average solidification 

rate is approximately 1.4x109 ºC.s-1.  The simulated maximum temperature of the substrate is 

883ºC, significantly higher than the melting point of aluminum, indicating the occurrence of 

substrate melting. 

 

 
Figure 7.18. Numerical simulation image of nickel splat shape on the aluminum 

substrates held at 350ºC with the thermal contact resistance of 1x10-8 W-1.m2.K.  

 

Figure 7.19 shows the splat morphology of a nickel particle on the aluminum substrate held at 

350°C with the thermal contact resistance of 5x10-9 W-1.m2.K.  In this case, due to the much 
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the splat is completely eliminated.  A perfect disk splat is observed with the splat diameter of 

approximately 50 µm.       
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Figure 7.19. Numerical simulation image of nickel splat shape on the aluminum 

substrates held at 350ºC with the thermal contact resistance of 5x10-9 W-1.m2.K.  

 

7.6.6 Discussion 

 

Comparison of splat shape between experimental observations and numerical models 

 

It has been shown in Chapter 5, Section 5.5 that nickel droplet was extensively splashed upon 

impact on the aluminum substrate held at room temperature during spraying.  The splashed 

splats were divided into four types: halo splat, halo fingered splat, halo donut, and fragmented 

splat (Figure 5.4).  It was found that the simulated splats with the thermal contact resistance of 

1x 10-6 W-1.m2.K and 3x10-7 W-1.m2.K resembled the halo splat and halo fingered splat 

respectively.  These morphologies were observed empirically under the same conditions of 

substrate temperature and droplet velocity and temperature (Figure 7.7, Figure 7.12, Figure 

7.20).   

 

There were 11% and 2% of halo splats and halo fingered splats on the polished aluminum 

substrate (P).  Preheating the substrate to 350ºC and then air-cooled to ambient condition prior 

to spraying (PT) increased the proportions of both halo splats (to 45%) and halo fingered 

splats (to 43%).  The increase of these proportions on the PT surface over the P surface was 

correlated to the thermal contact resistance.  As discussed earlier, the higher content of 

surface hydroxide on the P surface (40.2%) resulted in higher value of thermal contact 
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resistance on the P surface compared to that (14.4%) of the PT surface.  Thus, the proportion 

of the halo fingered splats on the PT surface was higher on the P surface as expected.        

 

The particle size of the nickel powder used for splat deposition was from 11 to 45 µm.  

However, the average particle size, which is needed for the modeling, was not measured in 

this study.  A diameter of 20 µm, which was in the middle of the empirical particle range, was 

chosen as initial diameter for all models.  Thus, the difference in particle size used for splat 

deposition and modeling may contribute to the slight variation of final splat diameter as 

observation (65 ± 14.2 µm vs. 45 µm respectively).  
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Figure 7.20.  Comparison of the splat shape between simulation with thermal contact 

resistance of (a) 1x10-6 W-1.m2.K, (c) 3x10-7 W-1.m2.K, and experimental observations (b) 

splashed disk, (d) splashed finger splat. 

 

Central core 
Finger 

(c) (d) 

(b) (a) 

100 µm 

0 µm



227 

Splat shape as a function of thermal contact resistance and splashing mechanism 

 

The correlation between thermal contact resistance and splat morphology was examined 

numerically and summarized in Figure 7.21 and Table 7-4.  From the simulated results, a 

mechanism of splat formation in plasma spray is proposed.  The formation depends on the 

values of thermal contact resistance.  

   

If the thermal contact resistance between the substrate and splat is too high, the rate of heat 

transfer from the splat to the substrate will be small.  Thus, the splat had time to spread out 

and form a thin liquid sheet, which ruptured extensively before the complete solidification.  

Prior to solidification, the fragmentation of the splat will be dominated by Rayleigh-Taylor 

instability.  The splat is a central core with or without several small fingers inside a circular 

ring of debris.  The simulated splat looks like those obtained empirically (Figure 7.20).   

 

At the other extreme, if the thermal contact resistance is very low, the heat from the splat is 

rapidly conducted through to the substrate.  This heat transfer regime resulted in a rapid 

solidification at the splat periphery as it spreads.  The liquid portion of the splat was still 

flowing outwards in the radial direction, but was retarded by the solid edge of the splat.  Due 

to the difference in velocity between the solid and the liquid phases, break-ups near the splat 

periphery were observed.  However, due to the high solidification rate, the liquid flow did not 

have enough momentum to jet over the solid ring, but gradually filled up the cracks.  This 

behaviour eliminated the fragmentation of the splat, leading to the formation of disk splat 

shape with no splashing (Figure 7.16).   

 

If the thermal contact resistance is between those two extremes, a disk splat with cracks near 

the splat edge was observed.  The solidification rate was low enough for the droplet spreading 

to form a thin layer, but was still high enough to inhibit a full detachment of the splat at the 

periphery as observed in the case of higher thermal contact resistance.   

 

The correlation between thermal contact resistance and splat morphology has also been 

extensively examined empirically and numerically [40, 41, 55, 56, 86, 87, 196].  McDonald et 

al. [40, 41, 55, 196] photographed the impact of molybdenum, nickel YSZ and amorphous 

steel particles on glass and stainless steel surfaces which was either kept at room temperature 
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or preheated before spraying.  Splats on the non-heated substrates had the form of a central 

core, surrounded by a ring of debris.  Heating the substrate before spraying resulted in disk-

shaped splat with minimal splashing.  Thermal radiation from the particles during flight was 

collected to determine the cooling rate of the spreading droplet.  The thermal contact 

resistance at the interface was subsequently calculated with an analytical heat conduction 

model [41].  It was found that the thermal contact resistance between the preheated/ heated 

substrate and the splat was more than an order of magnitude smaller than that on non-heated 

substrate, indicating better splat-substrate contact [40, 41, 55, 196].  Thermal radiation from 

the particles during flight was not collected from the other research.  Thus, the thermal contact 

resistance value was not calculated [51, 126, 231].  However, these studies observed that 

splashing was associated with poor splat-substrate contact, with high thermal contact 

resistance.  Thus, empirical observations confirmed that splashing of the splat is related to the 

high value of thermal contact resistance [11, 12, 16, 40, 41, 55, 196].   

 

Pasandideh et al. [56, 86, 87] modeled the splashing of an impacting nickel splat on stainless 

steel substrate with different assumed values of thermal contact resistance between the splat 

and the substrate.  In their numerical model, only liquid phase was considered, i.e. the effect 

of ambient air during droplet impact was assumed to be dynamically inactive.  As a result, a 

disk-shaped splat was formed with a high value of thermal contact resistance.  Conversely, a 

low value of thermal contact resistance resulted in the formation of a fingered splat, indicating 

that splashing occurred.  These results completely contradicted the above empirical 

observation.   

 

As mentioned before, the thermal contact resistance between the splat and each type of 

substrates (P, PT and PH) was not experimentally measured.  However, it was expected that 

the presence of the released water layer, which was formed by the dehydration of surface 

hydroxide to oxide under impact of the splat, resulted in an increase of thermal contact 

resistance between the splat and the P or PT surface.  Conversely, heating the substrate prior 

to spraying drives off the water and improves the physical contact between the splat and the 

substrate.  As a result, thermal contact resistance between the splat and the PH substrate was 

low.  The correlation between the values of thermal contact resistance and splat morphology 

in our current model is summarised in Figure 7.21 and Table 7-4.  The numerical results 

showed that extensive splashing was related to high value of thermal contact resistance.    
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Decreasing thermal contact resistance reduced the splashing and enhanced the splash shape to 

splashed finger splat and finally a disk splat.  Our model results disagree with numerical 

results of Pasandideh et al. [56, 86, 87], but show a good agreement with the empirical results 

[40, 41, 55, 196].  The discrepancy in the splat shape between our model (splash splat) and 

that of Pasandidel et al. (disk splat) with the same value of thermal contact resistance of 1x10-

6 W-1.m2.K is probably linked with the involvement of surrounding air during droplet impact 

in our model as explaining in splashing mechanism (Section 7.6.1).  

 

 

 
 

Figure 7.21. Summary of the splat morphology as a function of thermal contact 

resistance on the substrate held at room temperature during the impact of the splat in 

our current model.  

SPLASHING 
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Table 7-4. Summary of particular characteristics of splat types as a function of the thermal contact resistance values. 

    

Substrate 

temperature 

(Tsub, ºC) 

Thermal contact 

resistance, 

(RC, W-1.m2.K) 

Maximum 

diameter 

(Dmax, µm) 

Final splat 

diameter 

(Dsplat, µm) 

Maximum 

Thickness 

(µm) 

Central 

pore 

 

Splashing, 

Splat shape 

Solidification 

rate 

(ºC.s-1) 

Substrate  

melting 

 

 

 

 

25ºC 

1x10-6 76 44 1.1 Yes Yes, 

Halo splat 

8x108 No 

3x10-7 75 45 1.1 Yes Yes,  

Halo fingered splat 

9x108 No 

1x10-7 70 70 1.6 No Start to break up, 

Disk with cracks 

1.1 x109 No 

1x10-8 56 56 2.8 Yes No,  

disk splat 

1.7 x109 Yes,  

Tsub, max= 687ºC 

 

 

350ºC 

1x10-8 67 45 2.2 Yes Yes,  

halo splat 

1.4 x109 Yes,  

Tsub, max= 883ºC 

5x10-9 50 50 3.5 Yes No,  

disk splat 

2.8x109 Yes,  

Tsub, max= 938ºC 
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Donut splat 

 

As detailed in Chapter 5 and Chapter 6, splats with central pores of various sizes were 

frequently observed.  This structural feature was characterised for the typical halo donut 

splat shape when NiCr or nickel particles were plasma-sprayed onto aluminum substrate.  

Splats with a central pore have been occasionally observed during thermal spray 

processing [72, 86, 213, 214].  Li et al. [213] suggested that the central pore formation was 

due to either the rebound of the solid core of a partially melted particle or due to moisture 

release at the splat-substrate interface. Mehdi-Nejad et al. [114] simulated the motion of 

molten nickel on a flat surface and observed the formation of central pore.  However, the 

simulation was incomplete due to the lack of the heat transfer between the splat and 

substrate.  The simulation in our current study predicted that, immediately after impact, 

the pressure at the contact point increased to a very high value which induced a concave 

curvature towards the free surface of the droplet.  A bubble then rises up through the 

liquid film and breaks through the free surface to form the pore at the centre of the splat. 

Based on this mechanism, a small central pore with a diameter of about 1.5 µm is 

predicted (Figure 7.7b).   

 

Experimentally however, both small central pores and large central pores were observed.  

Small central pore and large central pore refer to a pore where its diameter is smaller than 

8 µm or larger than 8 µm respectively.  While the small central pore formation can be 

explained by the pressure-induced concave curvature of the droplet, another mechanism is 

needed to explain the formation of the large central pores observed in donut splats.  

Experimental evidence, outlined below, suggest that the release of water vapour from the 

surface of the substrate plays an important role. 

 

The surface layer of polished aluminum contains physisorbed water and hydroxides 

(Chapter 4).  The simulations show that when the molten droplet impacted on the 

substrate, the substrate temperature rapidly increased above 250ºC and released water 

vapour from the dehydration of surface hydroxide.  The released water creates a gas layer 

between the substrate and the droplet.  The model including the dynamic of water release 

was extremely challenging to solve, as describe in subsequent section.  Thus, this was not 

predicted in the model.  However, it was expected that during the formation of small 
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central pores due to high contact pressure, the released water vapor may fill in the 

enclosed pores or escape at the periphery of the droplet.  The accumulation of released 

water vapor was highest at the centre of the splat and expanded the small central pore 

which finally exploded to form a large centre bubble-like pore which was characteristic of 

halo donut splats.  Thus, it was hypothesized that the small central pores and large central 

pores were formed due to, respectively, the pressure build-up at the splat-substrate 

interface and the water release at the substrate surface.  

 

The donut splat was a characteristic of the droplet impact on the substrate with water 

release.  In contrast, the  small central pores at the centre of splat were the characteristic of 

a preheated substrate surface.  This hypothesis is consistent with the experimental results, 

which showed that the percentage of halo donut splats on a substrate significantly 

decreased with decreasing hydroxide proportion.  For example, on a polished aluminum 

substrate (P) with a high proportion of hydroxide (40.2%), about 84% of halo donut splats 

were collected, whereas 11% of this splat type was collected on polished and preheated 

substrate (PT) with a significantly lower proportion of hydroxide (14.2%) on the 

outermost substrate surface.       

 

It is shown in Chapter 5 that there was not much difference in splat shape between pure 

nickel and NiCr alloy particles on the aluminum substrate.  In addition, the principal 

oxidation process occurs at the substrate surface (Chapter 6).  Therefore, the flattening 

nature of NiCr droplet is expected to be similar to that of pure nickel droplet.  The 

simulated results of nickel droplets can also be used effectively to make comparison 

between the experiments of NiCr splat and the simulation of nickel splat.    

    

7.7 Effect of surface chemistry on splat morphologies 
 

7.7.1 Effect of oxide layer on splat morphologies  

 

The experimental results suggested that the absence of splat formation on boiled 

aluminum substrate is either due to the effect of thick oxide/hydroxide layer and/or water 

release from the dehydration of hydroxide on the substrate surface.  To evaluate the effect 

of oxide layer or water release on splat morphology, each factor has been separately 
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included in the model.  Firstly, a 500 nm thick layer of aluminum oxide on the substrate 

surface was included in the model.  It was reported in Chapter 4 that such a thick layer of 

oxide on the substrate surface induced an significant increase of the surface roughness.  

However, modeling of the influence of surface roughness on the splat morphology was not 

taken into account, e.g. the substrate surface was assumed to be flat in this study.  In this 

case, the model comprised of three domains which represented for splat, oxide layer and 

substrate (Figure 7.22).  The mass, momentum and heat conservations in droplet are 

unchanged.  The heat equation for the oxide layer is written as follows: 
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In this case, thermal contact resistance (Rc) is accounted for discontinuity at the interface 

between the droplet and oxide layer: 
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A conservative interface flux at the oxide-substrate interface is: 
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The mass, momentum and heat equations of droplet, oxide layer and substrate were solved 

with the physical properties of aluminum oxide in Table 7-1.  The thermal contact 

resistance was kept constant at 1x10 -6 W-1.m2.K.  A mesh size of 100 nm was applied for 

the oxide domain. Other settings of the mesh size for splat and substrate domains were 

unchanged.   
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Figure 7.22. Schematic of the droplet on substrate including oxide or water released 

layer in between the droplet and substrate.  

 

Figure 7.23 shows the final splat shape at 2 µs for the case of 500 nm of aluminum oxide 

on the aluminum substrate.  The numerical results show that the splat spread out to a 

maximum extent, ruptured, and left the central core splat surrounded by a ring of debris.  

The final diameter of the splat was approximately 51 µm which was 16% higher than the 

diameter of the splat in the case without the oxide layer on the substrate surface (44 µm).  

However, there was no significant change in the splat shape between the case with a 500 

nm thick of oxide layer (Figure 7.23) and the case without oxide layer on the substrate 

(Figure 7.7).  This suggests that the oxide thickness (up to 500 nm) was not a dominating 

factor contributing to the change of splat morphology and the absence of splats on boiled 

aluminum.        
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Figure 7.23. Splat shape of Ni on aluminum substrate at 2µs with taking into account 

the effect of 500 nm thick of the oxide layer on the substrate surface.  The thermal 

contact resistance between the splat and the substrate was 1x10 -6 W-1.m2.K.   

 

7.7.2 Effect of gas release on splat morphologies 

 

There was no significant change in splat shape between the case with a 500 nm thick of 

oxide layer (Figure 7.23) and the case without an oxide layer on the substrate (Figure 7.7).  

This suggests that the oxide thickness (up to at least 500 nm) is not the dominating factor 

contributing to the change of splat morphology and the absence of splat on boiled 

aluminum substrates.  The remaining factor to be examined is the effect of water release 

from the dehydration of aluminum hydroxide to oxide.  If the desorption of water occurs  

in the early stage of the splat spreading process, the flow of water vapor may alter the flow 

and the spreading of the droplet.  Thus, the assumption of laminar flow for the droplet is 

no longer applicable.  In addition, a fluid model is required, which includes the flows of 

water release in both the droplet and the ambient atmosphere.  An evaporation model of 

released water and mass transfer between the splat and the water release are also required.  

A complete solution reflecting the real case (e.g. effect of water release on splat 

morphology) is extremely challenging to solve.   Thus, simplifying assumptions have been 

made.   

 

0 µm 

100 µm 
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It was expected that the dehydration of surface hydroxide to oxide occurred at separated 

locations along the interface depending on the contact between the splat and the substrate.  

However, to simplify the model, we assumed that there was a continuous layer of released 

water at the splat-substrate interface.  In addition, the fluid model for the water release 

with vapor velocity and turbulent flow were not considered.  The purpose of this model is 

to evaluate the effects of a very thin layer of water vapor with a low value of thermal 

diffusivity on the spreading process of the droplet.  

 

Figure 7.24 shows the splat shape at the time of 2 µs from impact with a 50 nm continuous 

layer of water vapor between the splat and the substrate.  In this case, a specific mesh size 

of 20 nm was used for the domain which represented the water vapor layer.  The droplet 

and the water layer were assumed to be immiscible.  Other settings were kept the same as 

for the modeling of the oxide layer previously described.  It was observed, Figure 7.24, 

that the splat spread into a very thin circular disk with the diameter larger than 100 µm.  

Due to the low value of thermal diffusivity of water vapor (5.6x10-8 m2s-1) comparing to 

that of aluminum (89.5x10-6 m2s-1) and aluminum oxide (6.2x10-6 m2s-1), heat conduction 

to the substrate was inhibited.  Thus, the droplet was in the liquid state for longer, 

spreading to form a thin disk with a regular thickness.  In this case, the spreading and the 

solidification stages occurred sequentially in that order.  Similar to the case of a poor 

splat-substrate contact in Section 7.6.1, it was expected that the break-up of the splat 

occurred as the droplet spread to the maximum extent due to the Rayleigh-Taylor 

instability and the surface tension effect.  However, the computational domain used in this 

model was too small to observe the completed spreading process of the droplet.  The 

domain could not be expanded to accommodate the expected larger splat size due to the 

limitation of computational power. This limited domain size caused the absence of rupture 

and disintegration of the splat in later stages of the splat spreading process.  However, is 

intuitive to assume that larger volumes of released water, as is the case with 

hydrothermally treated Bx surfaces, generates high vapor pressure which can readily 

explode under the thin molten layer of splat.  The explosion cause the fragmentation of the 

splat and forming small residues and droplets landed on the substrate surface as observed. 
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Figure 7.24: Splat shape of nickel on aluminum substrate at 2µs with taking into 

account the effect of water layer of 50 nm thick.  

 

7.8 Conclusions 
 

A three-dimensional numerical model was developed to simulate the impact of a molten 

droplet on the substrate.  The model was validated and showed a very good agreement 

with the experimental observations [40, 41].     

 

The impact of nickel splat onto aluminum substrate held at room temperature with 

different values of thermal contact resistance was examined.  The splat shape was disk-

shaped splat with the low value of thermal contact resistance.  In contrast, a central core, 

surrounded by a ring of debris was obtained with the high value of thermal contact 

resistance.  The occurrence of splashing with the high value of thermal contact resistance 

showed a good agreement with our experimental observations and with other experimental 

results.   

 

There were two mechanism of the fragmentation of the splat upon impact on the substrate 

in plasma spray.  If the thermal contact resistance was high, the break-up of the splat was 

dominated by Rayleigh-Taylor instability in the absence of solidification.  This solidifying 

behavior resulted in the formation of a central core splat with or without few small fingers, 
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surrounded by a circular ring of debris.  These numerical results challenge the theory that 

solidification is necessary to trigger splashing in thermal spray coatings [17, 56, 86, 87].  

In contrast, a perfect disk with no splashing was obtained with a low value of thermal 

contact resistance.  In this case, the absence of splashing was due to the rapid 

solidification of the splat.   

 

The oxide layer with the thickness of 300 nm on the substrate surface was found not to 

affect the splat morphology.  Instead, it was expected that the splat morphology was 

influenced by the water release from the dehydration of surface hydroxide to oxide with 

the input heat from the hot droplet at impact.  From the experimental and simulation 

results, it was suggested that the complete absence of the splat on boehmitised surface was 

due to the thick layer of hydroxide at the outer substrate surface.  When a molten particle 

impacted the boehmitised surface at high temperature, the dehydration of hydroxide to 

oxide occurred and released a large volume of water vapor.  This vapor layer inhibited the 

heat conduction from the particle to the substrate.  As a result, the splat remained in the 

liquid state long enough to spread out and form a thin liquid layer.  Then, the flow of 

water release with high pressure readily exploded the liquid film.  The liquid film was 

strongly disintegrated, resulting in the formation of small satellite droplets and residues on 

the substrate surface.  
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CHAPTER 8. CONCLUSIONS 
 

 

NiCr and Ni single splats were plasma-sprayed onto aluminum substrates, which were 

subjected to thermal and hydrothermal pretreatments to grow specific types of oxide and 

hydroxide layers on the surface.  The interactions of the collected single splats with the 

substrates were studied experimentally by a range of analysis techniques and simulated 

numerically by three-dimensional models.  The resulted understandings of the interactions 

and the parameters affecting the splat-substrate interface are summarized below.  

 

Splat formation and morphology are not directly correlated to the substrate surface 

roughness, but are sensitive to surface chemistry, particularly the thickness and 

concentration of the hydroxide layer at the outermost surface.  Lower amount of surface 

hydroxide significantly improves splat formation and morphology. 

   

Upon impact by molten droplets at high temperature, the substrate surface is heated.  The 

heat is sufficient to activate the dehydration of surface hydroxide to oxide and release 

water vapor.  The insulating layer of released water significantly delays the heat 

conduction from the splat to the substrate.  The splat is in liquid state long enough to 

undertake internal fractures, which provoke splat fragmentation and splashing.  Splash 

splats were found on the polished sample (P) where a thin layer of hydroxide was 

presented on the surface.  Conversely, large volume of released water from a thick layer of 

surface hydroxide contributes to the complete absence of splat formation on the boiled 

samples (Bx).   

 

Thermal treatment of the substrate at 350°C can drive off the water.  However, the formed 

oxide is readily rehydrated to form surface hydroxide when the samples are air-cooled and 

exposed to ambient conditions even for a short time.  The reforming of hydroxide on the 

preheated surfaces resulted in the similarity in splat formation and morphology between 

polished and polished and thermally treated pair (P and PT), and between boiled and 

boiled and thermally treated pair (Bx and BxT).  
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However, thermally treating the substrate at 350°C and maintaining this temperature 

during spraying (PH) can eliminate the rehydration of the formed oxide, thereby greatly 

improve the physical contact between the splat and the substrate.  The improved contact 

favors the formation of disk splats, increases the number of splats and splat diameter, and 

significantly reduces splashing and bubble formation at the splat underside.  Thermal 

treatment of the boiled substrate during spraying also results in the formation of splats on 

the BxH surfaces.       

 

The strong correlation between splat morphology and surface hydroxide suggests that the 

water released from the dehydration with the input of heat from the splat is the dominating 

factor determining splat formation and morphology in plasma spray.  This finding reveals  

the nature of adsorbates/ condensates which has been proposed in literature [11, 18, 40, 

44, 48, 52, 83] and clarifies the question “why and how the splashing occurs on the cold 

substrate surface” raised by Fukumoto et al. [52].   

 

Substrate melting and inter-diffusion with splats were frequently observed for the PH 

samples and to a lesser extent on the P or PT surfaces.  Splats are in excellent contact with 

the substrate where the substrate melting occurs.  The evidence of substrate melting and 

inter diffusion with splats confirms that both mechanical and chemical bonding 

mechanisms are critical for the splat-substrate bonding in this study.   

 

The effect of the oxide layer on splat morphology was also investigated.  The presence of 

a thick oxide layer up to 350 nm on the substrate surface has a negligible effect on splat 

formation and morphology.  Cross sections of the splat-substrates interfaces show that the 

oxide layer was not disrupted or removed under impinging droplets.  These results 

challenge the theory that the surface oxide must be disrupted by molten splats to allow 

metal to metal contact.    

 

Splat morphology and the mechanism of splat splashing were also studied with three-

dimensional computational models using the commercial finite element modeling package 

Ansys CFX11.  The splat shape depends on the heat transfer during splat spreading and 

solidification, which are dictated by the thermal contact resistance between the two 

domains.  Thermal contact resistance is a complex function of multiple parameters, such 
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as substrate surface properties, spraying conditions, and the extent of the contact at the 

interface.  High thermal contact resistance reflects a poor contact between the two 

surfaces, and vice versa.   

 

Thermal treatment of substrates results in the dehydration of surface hydroxide to oxide.  

The treatment promotes the physical contact between the splat and the substrate, and thus 

reduces thermal contact resistance at the splat-substrate interface.  Conversely, the water 

released upon the impact of the splat forms an insulating vapor layer and increases the 

thermal contact resistance between the splat and the substrate.   

 

Different values of thermal contact resistance representing good and poor contact were 

fitted into the models to examine the correlation between splat morphology and the 

thermal contact resistance.  Disk splats are formed with low values of thermal contact 

resistance, whereas splashing is correlated to high values of this parameter.  These results 

agreed well with experimental observations and literature.  Based on the correlation, the 

mechanism of splashing is proposed as follows.   

 

• If the thermal contact resistance between the substrate and splat is high, the rate of 

heat transfer from the splat to the substrate is limited.  As a result, a low cooling 

rate of the splat is observed.  In this case, the splat had time to spread out and form 

a thin liquid sheet, which ruptured extensively before the complete solidification.  

Prior to solidification, the fragmentation of the splat is dominated by Rayleigh-

Taylor instability.  The splat is a central core with or without few small fingers and 

a surrounding circular ring of debris.   

 

• At the other extreme, if the thermal contact resistance is low, the heat from the 

splat is rapidly conducted through to the substrate.  This results in a rapid 

solidification at the splat periphery as it spreads.  The liquid splat is still flowing in 

radial direction outwards, but is retarded by the solid edge of the splat.  Due to the 

difference in velocity between the solid and liquid phase, break-up near the splat 

periphery are observed.  However, due to the high solidification rate, the liquid 

splat is then partially solidified. The liquid flow gradually fills up the cracks, but 
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does not have enough momentum to jet over the solid ring.  This eliminates the 

fragmentation of the splat, forming a disk splat shape with no splashing.   

 

• If the thermal contact resistance is between these two extremes, a disk splat with 

cracks near the splat edge is observed.  In this case, the solidification rate is low 

enough for the droplet spreading to form a thin layer, but still high enough to 

inhibit full detachment of the splat at the periphery to form a central core splat as 

seen in the case of the high value of thermal contact resistance.  This case 

represents the splashing in the early stage.  

 

In summary, this research demonstrates the importance of water vapor released from the 

dehydration of surface hydroxide upon impact of NiCr molten droplets.  The effects of 

surface hydroxide on the formation, morphology, and microstructure of splats are reported 

in this research for aluminum and stainless steel substrates [4, 6-10].  However, it is 

intuitive to extend these effects to other metal substrates with similar hydration-

dehydration behaviours.  In addition, due to the high reactivity of surface oxide with 

moisture, the substrate should be sprayed promptly after thermal treatment, carefully 

stored under appropriate conditions, or sprayed whilst being held at high temperature to 

prevent the rehydration of the surface oxide.    
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APPENDIX 
 

The source code of the model of  

 

 
Figure A.0.1.   Schematic of the droplet on substrate domains with described 

boundary conditions. 

Splat domain 

        (B32) 

Substrate domain 

                            (B24) 

Adiabatic (1) 

Symmetry (2) 

Opening (3) 
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FLOW: 

  DOMAIN:Splat 

    Coord Frame = Coord 0 

    Domain Type = Fluid 

    Fluids List = Air at 25 C,splat 

    Location = B32 

    BOUNDARY:Splat Default 

      Boundary Type = WALL 

      Location = F35.32,F36.32 

      BOUNDARY CONDITIONS: 

        HEAT TRANSFER: 

          Option = Adiabatic 

        END 

        WALL INFLUENCE ON FLOW: 

          Option = No Slip 

        END 

      END 

      FLUID PAIR:Air at 25 C | splat 

        BOUNDARY CONDITIONS: 

          WALL ADHESION: 

            Option = None 

          END 

        END 

      END 

    END 

    BOUNDARY:Symmetry 

      Boundary Type = SYMMETRY 

      Location = F30.32,F31.32 

    END 

    BOUNDARY:opening 

      Boundary Type = OPENING 

      Location = F34.32 

      BOUNDARY CONDITIONS: 

Definition of splat domain 

Adiabatic condition (1) 

Symmetry condition (2)

Opening condition (3) 
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        FLOW REGIME: 

          Option = Subsonic 

        END 

        HEAT TRANSFER: 

          Opening Temperature = 2427 [C] 

          Option = Opening Temperature 

        END 

        MASS AND MOMENTUM: 

          Option = Static Pressure for Entrainment 

          Relative Pressure = 0 [Pa] 

        END 

      END 

      FLUID:Air at 25 C 

        BOUNDARY CONDITIONS: 

          VOLUME FRACTION: 

            Option = Value 

            Volume Fraction = 1 

          END 

        END 

      END 

      FLUID:splat 

        BOUNDARY CONDITIONS: 

          COMPONENT:solidsplat 

            Mass Fraction = 0.0 

            Option = Mass Fraction 

          END 

          VOLUME FRACTION: 

            Option = Value 

            Volume Fraction = 0 

          END 

        END 

      END 

    END 
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    BOUNDARY:outline 

      Boundary Type = WALL 

      Location = F25.32 

      BOUNDARY CONDITIONS: 

        HEAT TRANSFER: 

          Option = Adiabatic 

        END 

        WALL INFLUENCE ON FLOW: 

          Option = No Slip 

        END 

      END 

      BOUNDARY SOURCE: 

        BULK SOURCES: 

          Option = Use Volume Fraction 

          EQUATION SOURCE:energy 

            Flux = bhflx(1) 

            Flux Coefficient = bhcoef(1) 

            Option = Flux 

          END 

        END 

      END 

      FLUID PAIR:Air at 25 C | splat 

        BOUNDARY CONDITIONS: 

          WALL ADHESION: 

            Option = None 

          END 

        END 

      END 

    END 

    DOMAIN MODELS: 

      BUOYANCY MODEL: 

        Buoyancy Reference Density = 1.185 [kg m^-3] 

        Gravity X Component = 0 [m s^-2] 

Splat-substrate interface 

{Density of lighter fluid (Air)} 
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        Gravity Y Component = 0 [m s^-2] 

        Gravity Z Component = -9.81 [m s^-2] 

        Option = Buoyant 

        BUOYANCY REFERENCE LOCATION: 

          Option = Automatic 

        END 

      END 

      DOMAIN MOTION: 

        Option = Stationary 

      END 

      MESH DEFORMATION: 

        Option = None 

      END 

      REFERENCE PRESSURE: 

        Reference Pressure = 1 [atm] 

      END 

    END 

    FLUID:Air at 25 C 

      FLUID MODELS: 

        FLUID BUOYANCY MODEL: 

          Option = Density Difference 

        END 

        MORPHOLOGY: 

          Option = Continuous Fluid 

        END 

      END 

    END 

    FLUID:splat 

      FLUID MODELS: 

        COMPONENT:liquidsplat   {Liquid splat} 

          Option = Equilibrium Constraint 

        END 

        COMPONENT:solidsplat    
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          Option = Equilibrium Fraction 

        END 

        FLUID BUOYANCY MODEL: 

          Option = Density Difference 

        END 

        MORPHOLOGY: 

          Option = Continuous Fluid 

        END 

      END 

    END 

    FLUID MODELS: 

      COMBUSTION MODEL: 

        Option = None 

      END 

      HEAT TRANSFER MODEL: 

        Homogeneous Model = On 

        Option = Thermal Energy 

      END 

      THERMAL RADIATION MODEL: 

        Option = None 

      END 

      TURBULENCE MODEL: 

        Option = Laminar     {Laminar flow} 

      END 

    END 

    FLUID PAIR:Air at 25 C | splat 

      Surface Tension Coefficient = 1.78 [N m^-1]  {Surface tension setting} 

      INTERPHASE TRANSFER MODEL: 

        Option = Free Surface 

      END 

      MASS TRANSFER: 

        Option = None 

      END 

Settings for phase change 
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      SURFACE TENSION MODEL: 

        Curvature Under Relaxation Factor = 0.25 

        Option = Continuum Surface Force 

        Primary Fluid = splat 

        Volume Fraction Smoothing Type = Volume-Weighted 

      END 

    END 

    INITIALISATION: 

      Option = Automatic 

      FLUID:Air at 25 C 

        INITIAL CONDITIONS: 

          VOLUME FRACTION: 

            Option = Automatic with Value 

            Volume Fraction = 1-liquid 

          END 

        END 

      END 

      FLUID:splat 

        INITIAL CONDITIONS: 

          COMPONENT:solidsplat 

            Mass Fraction = 0.0 

            Option = Automatic with Value 

          END 

          VOLUME FRACTION: 

            Option = Automatic with Value 

            Volume Fraction = liquid 

          END 

        END 

      END 

      INITIAL CONDITIONS: 

        Velocity Type = Cartesian 

        CARTESIAN VELOCITY COMPONENTS: 

          Option = Automatic with Value 



250 

 

          U = 0 [m s^-1] 

          V = 0 [m s^-1] 

          W = -120 [m s^-1] 

        END 

        STATIC PRESSURE: 

          Option = Automatic with Value 

          Relative Pressure = 0 [Pa] 

        END 

        TEMPERATURE: 

          Option = Automatic with Value 

          Temperature = 2427 [C] 

        END 

      END 

    END 

    MULTIPHASE MODELS: 

      Homogeneous Model = On 

      FREE SURFACE MODEL: 

        Interface Compression Level = 2 

        Option = Standard 

      END 

    END 

  END 

  DOMAIN:Substrate 

    Domain Type = Solid 

    Location = B24 

    Solids List = Aluminum 

    BOUNDARY:Boundary 

      Boundary Type = WALL 

      Location = F33.24 

      BOUNDARY CONDITIONS: 

        HEAT TRANSFER: 

          Fixed Temperature = 298 [K] 

          Option = Fixed Temperature 

{Initial droplet velocity}

{Initial droplet temperature} 

Substrate domain 
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        END 

      END 

    END 

    BOUNDARY:Boundary 1 

      Boundary Type = SYMMETRY 

      Location = F26.24,F28.24 

    END 

    BOUNDARY:Substrate Default 

      Boundary Type = WALL 

      Location = F27.24,F29.24 

      BOUNDARY CONDITIONS: 

        HEAT TRANSFER: 

          Option = Adiabatic 

        END 

      END 

    END 

    BOUNDARY:TO3base 

      Boundary Type = WALL 

      Location = F25.24 

      BOUNDARY CONDITIONS: 

        HEAT TRANSFER: 

          Option = Adiabatic 

        END 

      END 

      BOUNDARY SOURCE: 

        SOURCES: 

          EQUATION SOURCE:energy 

            Flux = bhflx(1) 

            Flux Coefficient = bhcoef(1) 

            Option = Flux 

          END 

        END 

      END 

Splat-substrate interface
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    END 

    DOMAIN MODELS: 

      DOMAIN MOTION: 

        Option = Stationary 

      END 

      MESH DEFORMATION: 

        Option = None 

      END 

    END 

    INITIALISATION: 

      Option = Automatic 

      INITIAL CONDITIONS: 

        TEMPERATURE: 

          Option = Automatic with Value 

          Temperature = 25 [C]   {Initial temperature of the substrate} 

        END 

      END 

    END 

    SOLID MODELS: 

      HEAT TRANSFER MODEL: 

        Option = Thermal Energy  

      END 

      THERMAL RADIATION MODEL: 

        Option = None 

      END 

    END 

  END 

  EXPERT PARAMETERS: 

    always output post processing = t 

    backup file at zero = t 

    check isolated regions = t 

    cht diffusion scheme = 5 

    degeneracy check tolerance = 1.e-4 
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    imbalance normalisation type = 1 

    linearly exact numerics = t 

    multigrid solver = t 

    overlap relaxation fluids = 0.75 

    scalar diffusion scheme = 5 

    solver relaxation fluids = 0.9 

    solver relaxation scalar = 0.75 

    topology estimate factor = 1.2 

    transient initialisation override = t 

  END 

  OUTPUT CONTROL: 

    BACKUP RESULTS:Backup Results 1 

      File Compression Level = Default 

      Option = Standard 

      OUTPUT FREQUENCY: 

        Option = Timestep Interval 

        Timestep Interval = 20 

      END 

    END 

    MONITOR OBJECTS: 

      MONITOR BALANCES: 

        Option = Full 

      END 

      MONITOR FORCES: 

        Option = Full 

      END 

      MONITOR PARTICLES: 

        Option = Full 

      END 

      MONITOR RESIDUALS: 

        Option = Full 

      END 

      MONITOR TOTALS: 
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        Option = Full 

      END 

    END 

    RESULTS: 

      File Compression Level = Default 

      Option = Standard 

    END 

    TRANSIENT RESULTS:Transient Results 1 

      File Compression Level = Default 

      Include Mesh = No 

      Option = Selected Variables 

      Output Variables List = Absolute Pressure, Temperature, liquidsplat.Mass Fraction, 

splat.Temperature, splat.Volume Fraction, splat.solidsplat.Mass Fraction, solidsplat.Mass 

Fraction 

      OUTPUT FREQUENCY: 

        Option = Timestep Interval 

        Timestep Interval = 20 

      END 

    END 

  END 

  SIMULATION TYPE: 

    Option = Transient 

    EXTERNAL SOLVER COUPLING: 

      Option = None 

    END 

    INITIAL TIME: 

      Option = Automatic with Value 

      Time = 0 [s] 

    END 

    TIME DURATION: 

      Option = Total Time 

      Total Time = 2e-06 [s] 

    END 
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    TIME STEPS: 

      Option = Timesteps 

      Timesteps = 5e-010 [s]   

  END 

  SOLVER CONTROL: 

    ADVECTION SCHEME: 

      Option = High Resolution 

    END 

    CONVERGENCE CONTROL: 

      Maximum Number of Coefficient Loops = 2 

      Timescale Control = Coefficient Loops 

    END 

    CONVERGENCE CRITERIA: 

      Residual Target = 0.00001 

      Residual Type = RMS 

    END 

    JUNCTION BOX ROUTINES: 

      Junction Box Routine List = init 

    END 

    TRANSIENT SCHEME: 

      Option = Second Order Backward Euler 

      TIMESTEP INITIALISATION: 

        Option = Automatic 

      END 

    END 

  END 

END 

 

LIBRARY: 

  CEL: 

    EXPRESSIONS: 

      Tsolidus = 1726 [K]   {melting point of nickel} 

      cpl = 620 [J kg^-1 K^-1]   {heat capacity of liquid nickel} 
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      cps = 595 [J kg^-1 K^-1]   {heat capacity of solid nickel} 

      dist = sqrt((x-50e-3 [mm])^2 + (y-50e-3 [mm])^2 +( z+10.5e-3 [mm])^2 ) 

      hsl = 2.9E5 [J kg^-1]   {latent heat of nickel} 

      kl = 43 [W m^-1 K^-1]   {thermal conductivity of liquid nickel} 

      ks = 80 [W m^-1 K^-1]   {thermal conductivity of solid nickel} 

      liquid = step((rdrop-dist)/1 [mm]) 

      mul = 0.00334 [Pa s]   {viscosity of liquid nickel} 

      mus = 10 [Pa s]    {viscosity of solid nickel} 

      rdrop = 10e-3 [mm]   {initial radius of droplet} 

      rhol = 7780 [kg m^-3]   {density of liquid nickel} 

      rhos = 8450 [kg m^-3]   {density of solid nickel} 

    END 

    FUNCTION:bhcoef 

      Argument Units = [] 

      Option = User Function 

      Result Units = [W m^-2 K^-1] 

      User Routine Name = bhcoef 

    END 

    FUNCTION:bhflx 

      Argument Units = [] 

      Option = User Function 

      Result Units = [W m^-2] 

      User Routine Name = bhflx 

    END 

  END 

  MATERIAL:Air at 25 C 

    Material Description = Air at 25 C and 1 atm (dry) 

    Material Group = Air Data, Constant Property Gases 

    Option = Pure Substance 

    Thermodynamic State = Gas 

    PROPERTIES: 

      Option = General Material 

      Thermal Expansivity = 0.003356 [K^-1] 
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      ABSORPTION COEFFICIENT: 

        Absorption Coefficient = 0.01 [m^-1] 

        Option = Value 

      END 

      DYNAMIC VISCOSITY: 

        Dynamic Viscosity = 1.831E-05 [kg m^-1 s^-1] 

        Option = Value 

      END 

      EQUATION OF STATE: 

        Density = 1.185 [kg m^-3] 

        Molar Mass = 28.96 [kg kmol^-1] 

        Option = Value 

      END 

      REFERENCE STATE: 

        Option = Specified Point 

        Reference Pressure = 1 [atm] 

        Reference Specific Enthalpy = 0. [J/kg] 

        Reference Specific Entropy = 0. [J/kg/K] 

        Reference Temperature = 25 [C] 

      END 

      REFRACTIVE INDEX: 

        Option = Value 

        Refractive Index = 1.0 [m m^-1] 

      END 

      SCATTERING COEFFICIENT: 

        Option = Value 

        Scattering Coefficient = 0.0 [m^-1] 

      END 

      SPECIFIC HEAT CAPACITY: 

        Option = Value 

        Specific Heat Capacity = 1.0044E+03 [J kg^-1 K^-1] 

        Specific Heat Type = Constant Pressure 

      END 
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      THERMAL CONDUCTIVITY: 

        Option = Value 

        Thermal Conductivity = 2.61E-02 [W m^-1 K^-1] 

      END 

    END 

  END 

  MATERIAL:Aluminum    {definition of substrate material} 

    Material Group = CHT Solids, Particle Solids 

    Option = Pure Substance 

    Thermodynamic State = Solid 

    PROPERTIES: 

      Option = General Material 

      EQUATION OF STATE: 

        Density = 2702 [kg m^-3] 

        Molar Mass = 26.98 [kg kmol^-1] 

        Option = Value 

      END 

      REFERENCE STATE: 

        Option = Specified Point 

        Reference Specific Enthalpy = 0 [J/kg] 

        Reference Specific Entropy = 0 [J/kg/K] 

        Reference Temperature = 25 [C] 

      END 

      SPECIFIC HEAT CAPACITY: 

        Option = Value 

        Specific Heat Capacity = 9.03E+02 [J kg^-1 K^-1] 

      END 

      THERMAL CONDUCTIVITY: 

        Option = Value 

        Thermal Conductivity = 237 [W m^-1 K^-1] 

      END 

    END 

  END 
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  MATERIAL:liquidsplat    {definition of liquid splat material} 

    Material Group = User 

    Option = Pure Substance 

    Thermodynamic State = Liquid 

    PROPERTIES: 

      Option = General Material 

      DYNAMIC VISCOSITY: 

        Dynamic Viscosity = mul 

        Option = Value 

      END 

      EQUATION OF STATE: 

        Density = rhol 

        Molar Mass = 58.67 [kg kmol^-1] 

        Option = Value 

      END 

      REFERENCE STATE: 

        Option = Specified Point 

        Reference Pressure = 1 [atm] 

        Reference Specific Enthalpy = hsl 

        Reference Temperature = Tsolidus 

      END 

      SPECIFIC HEAT CAPACITY: 

        Option = Value 

        Specific Heat Capacity = cpl 

        Specific Heat Type = Constant Pressure 

      END 

      THERMAL CONDUCTIVITY: 

        Option = Value 

        Thermal Conductivity = kl 

      END 

    END 

  END 

  MATERIAL:splat     {definition of splat material} 
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    Binary Material1 = liquidsplat 

    Binary Material2 = solidsplat 

    Material Group = User 

    Option = Homogeneous Binary Mixture 

    SATURATION PROPERTIES: 

      Option = General 

      PRESSURE: 

        Absolute Pressure = 1 [bar] 

        Option = Value 

      END 

      TEMPERATURE: 

        Option = Value 

        Temperature = Tsolidus 

      END 

    END 

  END 

  MATERIAL:solidsplat    {definition of solid splat material} 

    Material Group = User 

    Option = Pure Substance 

    Thermodynamic State = Solid 

    PROPERTIES: 

      Option = General Material 

      DYNAMIC VISCOSITY: 

        Dynamic Viscosity = mus 

        Option = Value 

      END 

      EQUATION OF STATE: 

        Density = rhos 

        Molar Mass = 58.67 [kg kmol^-1] 

        Option = Value 

      END 

      REFERENCE STATE: 

        Option = Specified Point 



261 

 

        Reference Specific Enthalpy = 0 [J kg^-1] 

        Reference Temperature = Tsolidus 

      END 

      SPECIFIC HEAT CAPACITY: 

        Option = Value 

        Specific Heat Capacity = cps 

      END 

      THERMAL CONDUCTIVITY: 

        Option = Value 

        Thermal Conductivity = ks 

      END 

    END 

  END 

  USER ROUTINE DEFINITIONS: 

    USER ROUTINE:bhcoef 

      Calling Name = usr_coef_bhflx 

      Library Name = contactresistance 

      Library Path = C:/Program Files/ANSYS Inc/v110/CFX/bin 

      Option = User CEL Function 

    END 

    USER ROUTINE:bhflx 

      Calling Name = usrcel_bhflux 

      Library Name = contactresistance 

      Library Path = C:/Program Files/ANSYS Inc/v110/CFX/bin 

      Option = User CEL Function 

    END 

    USER ROUTINE:init 

      Calling Name = usr_init 

      Junction Box Location = User Start 

      Library Name = contactresistance 

      Library Path = C:/Program Files/ANSYS Inc/v110/CFX/bin 

      Option = Junction Box Routine 

    END 
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  END 

END 

 

USER: 

  boundary pair = TO3base, outline 

  domain pair = Substrate, Splat 

  heat transfer coefficient = 1e6  {heat transfer coefficient = 
cR

1  = 106} 

  material pair = Aluminum, splat 

END 

 

COMMAND FILE: 

  Version = 11.0 

END 
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