
        

University of Bath

PHD

Plasma sprayed metallic coatings.

Baxter, C. F G.

Award date:
1977

Awarding institution:
University of Bath

Link to publication

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

Copyright of this thesis rests with the author. Access is subject to the above licence, if given. If no licence is specified above,
original content in this thesis is licensed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC-ND 4.0) Licence (https://creativecommons.org/licenses/by-nc-nd/4.0/). Any third-party copyright
material present remains the property of its respective owner(s) and is licensed under its existing terms.

Take down policy
If you consider content within Bath's Research Portal to be in breach of UK law, please contact: openaccess@bath.ac.uk with the details.
Your claim will be investigated and, where appropriate, the item will be removed from public view as soon as possible.

Download date: 24. May. 2023

https://researchportal.bath.ac.uk/en/studentTheses/cfda3034-b652-4037-a3d7-d011b8b60c10


60 7780292 3 TELEPEN X

PLASMA s p r a y e d METAT.T.IC COATINGS

Submitted by C F G  BAXTER

for tiie degree of PhD of the University of Bath 1977

COPYRIGHT

Attention is dravm to the fact that copyright of this thesis 
rests with its author. This copy of the thesis has been 
supplied on condition that anyone v;ho consults it is understood 
to recognise that its copyright rests with its author and that 
no quotation from the thesis and no information derived from it 
may be published without the prior v/ritten consent of the author

This thesis may be made available for consultation within the 
University Library and may be photocopied or lent to other 
libraries for the purposes of consultation .

C F G  BAXTER



ProQuest Number: U443223

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U443223

Published by ProQuest LLC(2015). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



ABSTRACT

A study has been made of the role of the substrate surface on the 

adhesion of plasma sprayed metallic coatings. The criteria 

specifically investigated includes the role of substrate oxide 

films, preheat level and surface preparation on the mechanism of 

adhesion.

It has been established that, when aluminium is plasma sprayed 

onto oxidized steel substrates, adliesion is associated with the 

formation of an interfacial alloy layer, Al^Fe^, due either to 

the spelling of the substrate oxide layer at a preheat level of 

greater than 550°C or to the mechanical penetration of a thin
N \  . .

substrate oxide film. In tlie absence of interfacial alloying, 

coating adhesion was found to be dependent on the adhesion of the 

substrate oxide layer to its parent phase, the oxide layer 

remaining as a barrier layer between the metallic substrate and 

the coating.

It was further established that in the absence of a specifically 

grovm substrate oxide film, the adhesion of plasma sprayed 

aluminium to preheated metallic substrates is due to a reduction 

reaction between the sprayed aluminium and the inherent substrate 

oxide film. The level of coating adhesion was further dependent 

on the substrate preheat level and surface preparation. A preheat 

level of 20O°C was found to be required to produce an adherent 

aluminium coating on polished mild steel whereas this level was 

below 100°C if the substrate had been grit blasted. The adliesion 

of the aluminium coating was markedly reduced by the presence of 

any visible substrate oxide film prior to spraying.

An attempt was made to identify the thermo physical factors relating



to the occurrence of a chemical adhesive bonding mechanism.
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CHAPTER 1.

LITERATURE SURVEY OF THERMAL SPRAYING

INTRODUCTION

Many components are surface treated in order to impart specific 

surface properties. This can be achieved by altering the surface 

composition by diffusion, such as, carburizing, or by deposition of 

surface coatings by Welding, Vacuum Evaporation and Thermal Spraying.

Such layers are applied to achieve specific thermal, corrosion or 

mechanical properties.

\

A high proportion of coatings are applied by the technique of thermal 

spraying. When flame spraying, powder or wire is fed into a combustion 

flame, the material melts and is impacted onto the substrate. This 

produces a reasonably adherent coating with a density of better than 

80% theoretical. To improve the coating's adhesion and density, this 

process has been developed into, for example. Detonation Spraying and 

Liquid Fuel Spraying. All flame spraying processes are, however, 

limited by the temperature attainable in the combustion flame. The 

flame spraying of very many ceramics is severely limited for this reason. 

Combustion, due to its very nature, requires oxygen and produces 

effluent, these factors combining to produce an impure coating.

Plasma spraying, on the other hand, takes advantage of the fact that 

in the vicinity of an electric arc, ionic recombination results in 

the liberation of enormous quantities of thermal energy. This ionized 

gas envelope is used both as the heat source for the coating material 

and as the transfer medium of that material to the substrate. No 

combustion takes place, the particles being protected by the surrounding



inert arc gas. Tlie temperature of the arc is governed by the electric 

power used in generating the arc and in the choice of gas used for 

the generation of the plasma. By this method highly adherent coatings 

of 99% density have been produced. The first commercial plasma 

generators were built in the 1920's in Germany (1) but it is only in 

the last twenty years that they have become industrally recognized.

There are four basic systems for the generation of plasma arcs, these 

being schematically presented in Figure 1.1. The water stabilized arc 

is the original plasma system, relying on a high pressure water sheath 

to stabilize and direct the arc. The carbon cathode discharges onto 

a rotating disc producing a fairly long plasma column. Veseley (2) 

reports this system to be excellent for the spray coating of oxide 

and carbide compounds. The Transferred Arc is the system used for 

arc welding and arc cutting. The cathode may be either consumable 

or permanent. Vîhen using this system, the work piece, the anode, is 

taken to earth potential, the arc being struck between the cathode 

and the work piece either by standard electrical means or by touching 

the cathode onto the work piece. Non transferred plasma generators 

are subdivided into plasma projection and arc projection. The plasma 

projector produces a very short noisy electric flame inside the anode, 

whereas the arc projector is capable of producing a very long silent 

electric flame outside the anode. It is the plasma projector that 

is commonly utilized in plasma spraying.

The principle involved in Electric Arc Spraying is that intense 

heating occurs at the anode and cathode roots. If consumable metallic 

wires are used as electrodes, the arc roots cause their tips to melt. 

By passing a jet of gas across the arc and the arc roots, the 

electrode material may be sprayed onto a work piece. It is normal 

to use an inert gas eind to maintain control over the wire feed rate.



1.1. Theory of Plasma Arcs

An arc is defined as 'a steady state discharge having a positive column 

in thermal equilibrium and a cathode fall of small voltage but high 

current density’ (3). An electric arc is divided into three regions 

(Fig. 1.2.), the Cathode Fall Region, the 'Positive' Column and the 

Anode Fall Region. The electric field is high in the electrode regions 

but fairly low in the column. The net electrical charge within the 

positive column is zero whereas the charges at cathodic and anodic 

regions are positive and negative respectively.

For a long, free burning arc in a specific static gas, the arc diameter 

in the positive column area is governed by the convection currents 

around the arc. In a high temperature arc, thermal equilibrium is 

closely approached; the electron and gas temperatures approach each 

other at approximately SOOO^K. There is a net diffusion of ionized 

particles away from the core of the arc and the effective thermal 

conductivity is greatly increased over that predicted by classical 

means. Thermal conductivity in the gas must therefore be taken as the 

combination of the classical thermal loss due to energetic collisions 

between electrons, ions and atoms and the loss by diffusion of the 

dissociation and ionization energies of the particles. King (4) has 

calculated the relationship of thermal conductivity with temperature 

for several gases, including Nitrogen (Fig. 1.3.), accounting for 

classical conductivity and effective conductivity by dissociated 

molecules, and singly and doubly ionized atoms (with their corresponding 

electrons). He further calculates the radial temperature distribution 

in a free burning nitrogen arc of 1.25mm radius to have a maximum arc 

temperature of 35000°K falling to room temperature at the periphery.

If, in a free burning arc, the diameter of the positive column is small 

then the primary heat transfer process is by conduction. The power 

input to the column may be related to the radial heat flow due to the



temperature gradient by the Elcnbaas-Heller equation:

I d
^ " -  —  I Kr —  I +S(T)

r dr

where o = Electrical Conductivity, E = voltage gradient through the 

gas, r = column radius, K = Thermal Conductivity Coefficient,

T = Temperature and S(T) is the variation of electron concentration 

in a gas as given by the Saha equation. The Elenbaas-Heller Equation 

neglects radiation terms.

This equation can be further used to describe the behaviour of that 

arc if it is in some manner constricted and not allowed to achieve its 

natural radius. Consider an arc at a given current; if the radius of 

the discharge is reduced from the natural radius, the potential gradient 

across the arc must increase as must the power per unit arc length and 

the temperature of the arc. The temperatures involved now are so great 

that the cooling of the cathode and anode is essential. Vhen the gas 

passes across the cathode and through the anode, a relatively cool 

anode sheath is formed protecting the anode working surfaces. By passing 

tlia cooling gas as described, the effective column radius in the anode 

is further reduced, the core temperature increasing. This Thermal Pinch 

Effect is dependant on the flow rate of the arc gas. If this cooling 

gas is introduced tangentially rather than axially, a vortex is created 

within the length of the anode, giving a slight pressure reduction along 

the axis, thus helping to maintain the arc along this central axis while 

slightly expanding the arc.

As a result of King's calculations (4), Atkins (5) constructed a 

schematic diagram of powder being introduced into a constricted, vortex 

arc (Fig. 1.4.). As the powder is introduced into the arc, it can take 

a variety of trajectories depending on the powder feed characteristics.

If it were possible to maintain the particle at the core of the arc.



it would be vaporized whereas particles passing through the core or - 

close to it are likely to be melted adequately for the spraying 

technique. A particle either passing through the arc into the anode 

sheath or being deflected by the gas stream and not entering the arc 

at all will be very poorly melted.

1.2. Heat Transfer

As suggested by Atkins' Diagram (5) (Fig. 1.4.) difficulty is 

experienced during practical plasma spraying in applying a constant 

degree of melting to the individual powder particles. This is due to 

having to feed a powder of varying particle size (commonly between 30 

and lOOym diameter) into a plasma jet containing severe thermal 

gradients. Very many attempts have been made to solve this very 

important problem by both theoretical and empirical means.

There are four possible mechanisms whereby energy may be transferred 

from the plasma to the powder particle:

a) Interfacial layer conduction across the interface 

between the plasma gas and the particle.

b) Radiant absorption by the particle.

c) Electron bombardment of the particle.

d) Ion, electron and atomic recombination on the particle 

surface.

As the thermal conductivity of a plasma is always much less than that 

of a metal, the heat transfer at the plasma gas/spray material interface 

will have a decisive effect on the heat transfer to the material in 

the plasma jet. Radiant absorption of energy is always low as a 

plasma is optically thin.

The energy available in the plasma must be transferred to the powder 

in sufficient quantity over a very short period of time (calculations



vary between 0.1 and 4 mill! seconds) in order to make that particle 

highly plastic or, preferably, molten. Considering these limitations, 

due essentially to the complex interaction of variables, no truly

theoretical solution to this heat transfer problem has been reported.
y

The most significant attempt to solve heat transfer problem has been 

made by Engelke (S).• His model assumes that a spherical particle is 

heated in a plasma of known length, constant enthalpy and constant 

velocity. The particle, of diameter (D) and density (p ), impinges 

on the plasma jet with a zero axial velocity component and is accelerated 

over the length of the flame (S) to a constant velocity (V) due to the 

mean viscosity of the plasma and the gas ( y ). The powder particle 

size is assumed to be small and thermal gradients within the particles 

are neglected. Engelke described the heat transfer model given above 

by the equation:

2 \ . 2 2  S ( A AT) \ / L  D
II

V y /Plasma \  16p / Particle

where X is the Interfacial Heat Transfer Coeff.

AT is the temperature differential between the plasma and the 

powder

L is Enthalpy per unit volume of powder at the melting point.

(in the liquid state) relative to that at 20°C.

This equation, relating essentially to interfacial layer conduction, 

can be used to indicate the probability of whether or not any given 

powdered material will become molten in the plasma. Considering the 

right hand side of the equation; the particle density and the heat 

content per unit volume ( p and L) are both effectively constant. Tlie 

powder particle size (D), although variable is held within narrow limits, 

certainly within one order of magnitude for a powder batch. The heat



transfer characteristics of a system are therefore very strongly 

dependant on the properties of the plasma and not the powder.

Considering the plasma component of equation (II); the interfacial 

heat transfer coefficient ( X ) and the temperature gradient across the 

interface depend on the plasma enthalpy and composition as the particle 

temperature is always a fraction of the mean plasma temperature. These 

factors govern the heat transfer per unit area per unit time (dimensions 

of density of heat flux). The plasma enthalpy not only strongly 

governs the plasma length (S), velocity (V) and temperature differential 

(AT) but also the interfacial thermal transfer and the plasma viscosity. 

If it is assumed that the plasma enthalpy (as represented by the plasma 

component of equation II) is proportional to the powder particle 

component, a 'sprayability' or 'ease of melting' parameter for a powder 

particle size is embodied in the relationship of relative powder 

enthalpy (L) to the powder density ( p ). This Engelke spray parameter
-his generally noted as Lp . The 'sprayability' of the powder is

-ÎJinversely proportional to the Engelke parameter Lp

In this Engelke sprayability parameter, the terra (L), describing the 

enthalpy content per unit volume of liquid powder at its melting point 

relative to the enthalpy at 20°C, is rather vague and is not always’ 

available. It contains terras relating to the specific heat, the latent 

heat and the melting point. Values obtained with this parameter are 

in general agreement with experimental observations except for materials 

with, for example, a very narrow melting point-boiling point range.
-hMarynowski (7) simplified the Engelke Parameter to T^p , where T^ 

is the melting point of the mater■'al in degrees centigrade. The 

ranking of the materials was again in reasonable agreement with 

experimentation.

Veseley (2) related heat transfer parameters to the physical properties 

of the powders and calculated the maximum and minimim temperatues for

7



the core of alumina particles. He assumed a negligible velocity 

difference as the particles were all of similar diameter; all the 

particles were therefore in contact with the plasma heating source for 

the same time (4 milli seconds). He calculated that small particles 

(350 mesh) were vaporized but, making allowances for the heat of 

vaporization the resultant temperature was much lower, approximating 

to the temperature of vaporization. If coarser particles were used 

(110 mesh), the boundary was melted but the core solid. He calculated 

the optimum alumina particle size to just achieve melting at the particle 

centre to be 240 mesh.

Mash (8) taking the same basic equation as Veseley (2), estimated the

'applicability of a material to plasma spraying'. He calculated a

maximum particle diameter to achieve 0.9 T in lOO micro secondsM
(T̂  ̂is the materials melting point) in terms of heat flux coefficient, 

particle density and specific heat. He then applied to these diameters 

a relative scale to indicate the degree of control necessary to 

successfully spray the powder. This scale is such that a powder with 

a large maximum diameter (Tungsten's is 280ym) will be very easy to 

spray, whereas Zirconcia = 26pm) will require a high degree of

control for successful spraying. Mash acknowledged that this 'ease 

of spraying' parameter must be complemented with experience. There 

are several interesting parallels between this spray parameter and that 

derived by Engelke (6) contrasting thermal conduction and interfacial 

conduction. Mash predicted that a fair degree of diffaculty was likely 

to be experienced when spraying titanium carbide, Engelke suggested 

that it would be very difficult. Engelke's parameter indicates that 

tantalum carbide (TaC) would be fairly difficult to spray whereas Mash 

suggested that it should be very easy. In practice, great difficulty 

is experienced in spraying tantalum carbide due to decarburization and 

ablative cooling (7).



Fisher (9) reviews further analyses of this complex heat transfer 

problem. Scott (10) and Borgianni (11) calculate the dwell time of 

a particle in the plasma and the total heat transfer coefficient 

from the arc to a single particle. Both workers assumed the particle 

acceleration to be dependant on a gas of known flow characteristics, 

Borgiemni assumed that Stokes Law is valid to calculate the Drag 

Coefficient whereas Scott used the results of other workers to define 

this coefficient.

The use of particle acceleration equations results in difficulty in 

applying realistic gas viscosity and velocity values due to the severe ' 

velocity and temperature gradients present in the plasma jet.

Borgianni (11) further argued that, due to vaporization, expamsion 

etc. , the particle dimensions are not constant^' Both authors (lO, 11) 

used the Ranz Equation (12) for fluid motion relative to a droplet 

and then calculated the overall heat transfer coefficient. They 

assumed interfacial conduction to be predominant but again difficulty 

was found when applying values to the equations.

When considering this heat transfer problem, it is essential that the 

time required by any particle to pass through the plasma to the substrate 

must be equal to or greater than the time to transform that particle 

to, at least, a highly plastic state. It is thought that the plasma 

determines whether the particles become molten. There are three basic 

methods of increasing the probability of melting. The enthalpy of the 

gas can be increased by controlling the performance of the arc. The 

heat transfer of the nitrogen or argon plasma gases can be improved 

considerably by the addition of 10% hydrogen and finally the powder 

particle size can be reduced thus effecting the quantity of energy 

that needs to be transferred. This last effect is limited but is taken 

advantage of particularly when spraying ceramics. In arriving at their 

respective sprayability parameters, all workers implicitly assume the



starting powder to be spherical. This is very rarely the case as the 

vast majority of spray powders are angular. A rough porous particle 

will melt much more readily than a smooth spherical particle.

1.3. Plasma Spray Gun Design

In the cathode fall region, there is a positive net charge due to 

gaseous cations. The cathode is heated by ionic bombardment resulting 

in electron generation by themionic emission. In commercial plasma 

spraying equipment, advantage is taken of the refractoriness of tungsten, 

this being doped with approximately 2% thoria in order to lower the 

electrode work function and give efficient electron emission. (The 

work function of a material is the energy required to raise an 

electron to its free state). The cathode is water cooled. Efficient 

electrode cooling at the anode is essential if 'electrode erosion is 

to be controlled. The enormous quantities of energy involved are due 

to the electron kinetic energy (from within the arc column) and the 

energy obtained while the electron passes through the anode fall region. 

Further energy is liberated as the electron is absorbed at the anode.

It is essential, therefore, that the thermal conductivity of the anode 

is high; copper is normally used. Electrical insulation between the 

anode and cathode is achieved most often by a phenolic block, although 

glass has been used (13). Power is supplied to the electrodes by way 

of water cooled cables. Satisfactory current capacity can be achieved 

by small diameter, bare wires in a fast flowing water stream (13).

The arc gas is admitted into the arc chamber through the insulating 

block. This entrance can be either radial or tcingential, depending 

on the arc gas and the methods of anode protection in use. Powder is 

transmitted into the plasma flame either by am external feed tube or 

by a feed tube incorporated into the anode. The metered powder is 

carried to the spray gun by a carrier gas that is independent of the 

arc gases. A schematic drawing of a commercial plasma spray gun is

W



found in Figure 1.5. It is essential that the anode and cathode are 

geometrically concentric or gross cinode errosion may occur. In order 

to control the length of the arc, the cathode position is sometimes 

axially adjustable. Further arc length control can be obtained by 

changing the anode.

The arc is struck by superimposing, on an applied D.C. potential, a 

high frequency A.C. spark. At the tip of the cathode a stagnant wake 

is formed which is not convictively cooled. The cathode root forms 

here and is aligned along the torch axis by the gas flow. As the D.C. 

arc becomes established, the A.C. initiation is by-passed. I'Jhile the 

arc is running, great variations in arc length have been observed (5, 

14) thus altering the effective length of the arc. This was thought 

(15) to be due to the arc gas flow blowing the arc out of the front 

of the gun, the anode root remaining inside the nozzle. This 'hair 

pin' will be maintained until the voltage drop between the two arms 

exceeds the arc's breakdov-m voltage, the loop then being shorted out 

and the process repeated. The hairpin amplitude and frequency are 

dependant on the arc power and the arc gas, the effect being much more 

pronounced in nitrogen than in argon. In nitrogen a single anode root 

exists whereas in argon it has been reported that several anode roots 

co-exist, therefore allowing several hairpins to coexist. When using 

nitrogen arc gas, the position of the anode root is not stable. This 

spot moves both axially and circumferentially, the effective spot area 

being large and further anode protection being achieved.

Houben (15) analysed the performance of a plasma gun in terms of five

variables, 1) the degree of ionization, 2) the total enthalpy, 3) the

gas velocity, 4) plasma density and 5) the plasma temperature. He

solved a series of equations for these five variables by both computer

analysis and graphical means, the result in both cases being very
-1similar. A maximum plasma velocity of 563 m s was calculated under

//



the operating conditions described. This set of equations allows the 

operator to define the behaviour of the plasma gun, with a monatomic 

arc gas, under a given set of operating conditions.

1.4. Practical Thermal Spray Coating

Although momentary variations in arc characteristics are of importance, 

there is very little that can be done to control these fluctuations 

at any moment in time under a given set of operating conditions.

However, the variation of the operating conditions, i.e. the spray 

parameters, is of prime importance. The spray parameters fall into 

four categories, firstly those associated with the practical aspects 

of arc length, power and the plasma gas. The second category covers ,

the variables associated with the powder, for example, the physical 

and chemical properties of the powder and its suitability to spraying. 

Variables associated with the spraying procedure are particularly 

concerned with the geometry and technique of plasma spraying and 

finally there are the variables associated with the substrate, which 

must have equal consideration to the powder.

Variables Associated with the Plasma

The arc length can be adjusted by both anode and cathode control.

Cathode control is used particularly for spray systems using a carbon 

or copper electrode, this adjustment being necessary to maintain a 

constant arc length during continuous running (the arc length being 

indicated by the arc voltage). Anode control is, by far, the more 

important consideration. When using a tungsten cathode, the electrode 

tip (the cathode root position) is very slowly eroded but the voltage 

variation will be much less than 10%. Therefore by changing the anode, 

the arc length can be varied at will. As indicated, a change in arc 

length corresponds to a change in voltage and therefore arc power, thus 

the enthalpy of the plasma is increased or decreased. By reducing the 

gap between the anode and cathode (Fig. 1.5.) and by reducing the anode

/2



bore, the plasma velocity, enthalpy and dimensions (radius) are 

controlled. The plasma entlialpy can, of course, be further controlled 

at constant arc voltage, by varying the arc current.

The effect of arc power on the coating has been studied by many workers. 

It has been found that as the power increases, the deposit efficiency 

increases to a msiximum and then falls (8, 16). (The deposit efficiency 

is the ratio of the powder adhering to the substrate and that fed into 

the plasma). Tliis was tliought to be due to inproved particle melting 

(up to a maximum) and then vaporization occuring. Several workers (17, 

18) have shown that the maximum particle size for cotrplete melting is 

proportional to the power. , Kitahara (19), using a wire feed plasma 

system, found that as the power increased, the average particle size 

in the spray decreased.

Astakhov (20) has shown that as the power to the arc was increased, 

the spread of the particles in the flame increases, but the 

distribution remained Gaussian. Chevela (21) and Olievskii (22) 

showed the power and coating density to be directly proportional but 

Olievskii (22) further showed that as the power was increased, a 

decrease was observed in the rate at which the coating density 

increases. These density effects were also attributed to better 

melting of the particles as the plasma's enthalpy and tenperature 

gradient was increased. Clievela (23) shov/ed that coating residual 

stress was proportional to the power of tlie arc. Arc power particularly 

effects coating density and deposit efficiency in tliat under a given 

set of spraying conditions, the power governs the tenperature and 

therefore the energy of the flame. If the arc power is low, particle 

melting may be inconplete giving a low deposit efficiency and a

13



porous coating whereas if the power is too high, the spray particles 

may tend to vapourize resulting in a low quality coating and a low 

deposit efficiency.

The quality of the plasma may be further controlled by varying the 

plasma forming gas. Selection of the arc gas depends on its electrical 

and thermal properties, the enthalpy and the possibility of interaction 

with the powder, tlie substrate and the ambient atmosphere. At a 

constant arc radius, an increase in power, or voltage gradient, results 

in an increase in tenperature and therefore an increase in the enthalpy 

of the gas (Fig. 1.6.). Schoumaker (24) , when discussing the 

selection of the plasma gas, pointed out that although argon has the 

advantage of being totally inert, it has a IcKf enthalpy at a given 

tenperature and a low energy transfer from the plasma to the powder.

He also found that with argon, a low arc potential and low spraying 

efficiency resulted (approximately 40%). Nitrogen, however, although 

not totally inert, possesses a relatively high enthalpy and high 

energy transfer. The arc weis found to run at a relatively high 

potential with an efficiency of the order of 75%. The inclusion of 

hydrogen raised the arc potential further and the efficiency increased 

to approximately 85%. The author therefore recommended tlie use of 

nitrogen as the plasma forming gas, with the possible addition of 

hydrogen. Atkins (25), however, suggested that the enthalpy of the 

plasma forming gas was uninportant but that the enthalpy per unit 

arc length should be considered. King (4) (Figure 1.3.) has shown 

that the thermal conductivity within a plasma does not rely on 

classical considerations but rather on the dissociation and 

ionization characteristics. Atkins (5, 25) postulated that an 

important energy transfer mechanism between the plasma and the powder 

particles was the ionic and molecular reconbination in the plasma

U



flame (Figure 1.4,), He found the deposit efficiency in a 

nitrogen/liydrogen plasma to be less than that in an argon plasma, 

which, as he commented, was in complete contrast to Schoumaker's 

observations. Atkins (25) explained this observed change in deposit 

efficiency in terms of enthalpy per unit arc length. The enthalpy 

per unit arc length of an argon arc is greater than that of a nitrogen 

arc under sinilar conditions and the thermal conductivity of nitrogen 

is enhanced by molecular recombination effects. The nitrogen arc 

may be 'hotter' than an argon arc but it is of smaller radius, therefore 

the particles in an argon arc have a longer trajectory in the hot 

region of the plasma than in a nitrogen plasma.

X
The plasma gas must also be considered with respect to the ambient 

atmosphere and the conponent and powder to be sprayed. Unless spraying 

takes place in an oxygen free environnent, the coating produced 

will contain oxides due to oxygen entrainroent (18, 26). Hydrogen, 

as an addition to the arc geis, can act as a reducing agent but 

hydrogen embri ttlenent may be an inport ant consideration with high 

strength steels (27). Muller (28) identified that the presence of 

both oxygen and nitrogen in the arc markedly embrittled titanium 

coatings. The adhesion was lowered and the coating cracked. Nitride 

formation within coatings may to be a problem; further more, the use 

of pure nitrogen as the arc gas results in excessive electrode wear 

(9, 29). Vhen spraying carbides, decarburization is often experienced 

(2, 18). Vesely (2) overcone this problem in his water stabilized 

arc by using water with 30% Ethy]; Alchohol. When using Gas Sheath or 

Vortex Stabilized equipment, a hydrocarbon gas, probably methane (9) 

may be introduced into the arc.
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One further consideration must be the difference in the gas solubility 

between the liquid and solid phases of the coating material. If this 

difference is large, gas porosity and cracking may be a problem.

The velocity of the plasma gas governs the trajectory eind velocity 

of the spray particles, tlius determining the thermal cycle for the 

particles and their residence time in the plasma. The nature of the 

flow of the plasma gas is also determined by the gas velocity.

Houben (15) has shown mathematically that at the core of an arc, inside 

the anode, laminar flow occurs but a turbulent area separates the ■

laminar core from the laminar boundary layer. The velocity distribution 

in the jet has been found (30, 31) to decrease both axially cmd 

radially. Loskutov (31) showed that the tenperature distribution in the 

flame follows the same symmetrical distribution. Surov (30) gave an 

equation for velocity of the plasma at any point in terms of pressure, 

tenperature and molecular weight of the gas and reported this equation 

to be accurate to within 7%. Astakhov (32) showed that the 

distribution of spray particles in the plasma stream was Gaussian, 

the concentration at a point being dependent on the maximum concentration 

(at the core) and the radius of scattering of the particles.

The plasma flane has been observed to be physically altered by 

adjustnents in the arc gas flow rate. Hantzsche (33) described how 

the plasma gas flow rate and the plasma core tenperature were directly 

related. This is only to be expected considering the Ellenbaas-Heller 

Equation (I). Olievskii (22) has shown that as the arc gas flow rate 

increased the potential drop across the arc increased, therefore 

increasing the tenperature gradient. Cheorghiu (17) found that as the 

flow rate increased the flame length decreased slightly.
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Variation in the arc gas flow rate has two practical implications

since it effects the porosity and the deposit efficiency of the

coating. Qievela (21) and Olievskii (22) have shown that as the arc

gas flow rate increased, the coating porosity decreased. Hanasch

(34) , when sprailng zirconia, showed that the maximum coating density

and maximum deposit efficiency occurred at different arc gas flow

rates (12 and 30 Its/rain, respectively). Atkins (5), Mcish (8) and ■

Hanusch (34) each found the same relationship between cbposit

efficiency and arc gas flow rate. As the flow rate was increased,

the deposit efficiency increcised to a maximum and then fell. This is

the same type of relationship as that found between arc power and

deposit efficiency. All the authors (5, 8, 11, 15, 21 and 22) agree
-

that this is due to the relationship between particle size and 

temperature. At a low flow rate, the arc diameter is relatively large 

but of a lower tenperature. If the particles melting point is low, 

the particles size small, or it is rough and porous, the material may 

vaporize giving a lŒf deposit efficiency. If on the other hand the 

melting point is high the particle may not be fully melted. At high 

arc gas flow rates, the arc diameter is relatively small and fewer 

particles are heated (powder feed becomes critical) , thus leading 

again to a low deposit efficiency. Cheorghiu (17) has shown 

mathematically that as the gas flow rate increases, the maximum 

particle size for complete melting decreased.

Andrews (35) has shown that the nozzle design significantly effects 

the coating produced. As the nozzle diameter was increased, both the 

plasma velocity and tenperature fell increasing the 'as sprayed' 

surface roughness. He believes that increased porosity was due to the 

low plasma velocities, associated with large nozzle diameters, such 

that, although the particles were spheroid!zed in the plasma flame.
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Üie impacted particles were not splattered but remained basically 

spherical.

The velocity of the plasma jet, and therefore the arc gas flow rate, 

has been demonstrated to significantly affect the coating and the 

coating process, the magnitude of this effect depends on the spraying 

system in use. Muehlberger (36) has described a supersonic high 

density plasma system with a serai transferred arc giving a 99% 

theoretical density coating of very high bond strength. Lon go (37) 

and Borer (38) have described the development of high energy, high 

velocity plasma guns to give reduced porosity and oxide contamination 

(relative to standard plasma equipment). Conpositional differences 

between the powder and the coatrâng were reduced using these systems 

(37).

Variables Associated with the Powder

Tlae variables associated with the power fall neatly into four 

distinct groups; 1) Particle size and size distribution, 2)

Physical properties, 3) Chemical properties and 4) Powder Feed 

considerations.

Particle Size and Size Distribution

Particle size is important when considering the heat transfer 

characteristics. Engelke (G) calculated the thermal history of 

powders under specific spray conditions (Fig. 1.7). When spraying 625 

mesh titanium carbide, 10% of the powder vaporized within one inch of the
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nozzle, v;hereas 325 mesh powder, under the same conditions, had just 

reached its melting point at this distance. However, powder of mesh 

size 250 did not attain its melting point until two inches from the 

nozzle, whereas 20% of the 525 mesh powder had vaporised upon reaching 

this point. This showed that for melting to occur there is a minimum 

spraying distance which is dependant on the particle size. Similarly 

if the particle's dwell time is too long (time being proportional to 

distance) the powder may tend to vaporize. Thus a fairly narrow 

range of particle size is likely to be required for spraying at a 

given spray range. Vesely (2) suggested that a particle must possess 

sufficient kinetic energy to accurately conform to the surface contours 

of the substrate.

As the particle is melted in the plasma, it passes from a zone of 

extreme heat at the nozzle towards the relatively cool substrate. The 

particle must therefore possess sufficient tliermal capacity to be at 

least plastic when it reaches the substrate. This would suggest that 

larger particles would be more desirable. However, large particles 

may not be fully melted, resulting in a porous coating. It was reported 

that the use of finer particles gave a denser coating (39, 40); they

attained a much higher velocity in the plasma (27, 41), they were melted

more quickly, and gave a much better 'as sprayed' surface finish (39,

42), but it must be remembered that a small particle size will have 

a low tliermal capacity and low kinetic energy. Fine particles accelerate 

and deccelerate very rapidly. As the coating lamella size was found 

to be dependant on the original particle size (43) a fine particle size 

produced a more uniform coating, but it may contain a high proportion

of oxide if the spray particles were oxidized in the flame (18).

Donovan (45) reported that the use of a fine powder resulted in a 

reduced deposit efficiency but a denser coating.
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The powder particle size not only governs the quality of the coating 

and the sprayability of the powder but also the manner in which the 

powder must be fed into the flame. In all powder feed units, the powder 

is at some stage gravity fed, probably aided by vibration, onto a 

metering device. The flowability of the powder governs this powder 

feed. Krasnov (46), considering the properties of powders produced 

in the plasma from wire fed tungsten, molybdenum and copper, found that, 

for spherical particles (46, 47) the flowability was inversely 

proportional to the particle size but he referenced a report that for 

non-spherical particles, tiie powder flowability and particle size 

were proportional which was explained in terms of the fine particles 

possessing a greater specific surface area, therefore making the role 

of particle friction more pronounced. For smooth, spherical particles, 

interparticulate friction does not play such an important role, orifice 

geometry being the governing factor. The ratio of the diameter of the 

discharge orifice to the particle size is important, when the particle 

size is equal to the discharge orifice size, the flow rate tend to 

zero.

As indicated earlier, it is not only important to consider the particle 

size but also the particle size distribution. It is clear that a large 

particle size distribution is unsatisfactory due to difficulties in 

feeding the powder consistently but it is not perfectly clear what the 

effect of particle size distribution will have on the coating density.

It is found in practice that using a particle size distribution of 

approximately 50ym will give a dense coating with efficient melting. 

Dunham (44) suggested using a large particle size distribution, as in 

conventional ceramic work, to reduce porosity.
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Physical Properties of the Powders

Engelke (6) attempted to express the more relevant physical powder 

properties in his parameter 'L', the enthalpy per unit volume of 

powder in the liquid state at its melting point with respect to that 

at 20°C (Equation II). This factor includes the specific heat, the 

latent heat of fusion, the melting point aind the density. In order 

to achieve a high thermal capacity, a high specific heat is desirable, 

but this, of course, works against the ease of melting. An increase 

in the particle density will increase the kinetic energy of the 

particle (as desired) but will decrease the velocity attained by the 

particle. Marynowski (7) considered the melting point as determining 

the energy required to melt a given material. With metal pov/ders,
N

the thermal conductivity is not considered important as it is much 

greater than that of the plasma or the heat transfer rate across the 

plasma/metal interface. This factor may be important however when 

spraying insulating material, such as alumina, when in practice, a 

smaller powder particle size is used which if possible is non-spherical 

or porous. If a material has a low melting point, a large melting 

point/boiling point range and a large heat of vaporization are 

advantages. Great difficulties are experienced in spraying magnesium 

oxide (Melting point 2800°C, Boiling point 360O°C) (48) due to its

very narrow melting point/boiling point range.

Chemical Properties of Pov/ders

When choosing an arc gas, the chemical properties of the powder and 

the desired coating properties must be borne in mind. Kitahara (19) 

showed that v/hen spraying molybdenum and nickel powders in air, 

detectable oxidation occurred on the particle surface, MoO^ and NiO 

being formed. If however these metals were sprayed in an argon 

atmosphere, no oxide was found. The authors however do not quote
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the distance from the nozzle at which the particles were caught. 

Ingham (27) stated that when using an argon/helium arc, the gas pick 

up was extremely low but slight oxidation may occur. It is generally 

accepted that powders can degrade, oxidize or react in the flame.

The degradation of carbide powders may be counteracted by including 

a hydrocarbon gas in the arc gases. Oxidation may be avoided by 

mechanical shrouding or using a shorter spray range. Chemical 

reactions are taken advantage of when spraying Nickel Aluminides 

(49), in this case the plasma activating the exothermic combination 

of these two metals. Although oxidation of the powder can take place 

in the plasma flame, very small particles possibly being totally 

oxidized, most oxidation takes place at the surface of the sample 

(18) as the plasma moves over the work piece leaving exposed hot 

material.

Powder Feed Considerations

Sillins (50) found the powder feed rate effects both the composition 

and density of the coating during the flame spraying of nickel 

coated graphite. He found that the coating density was inversely 

proportional to the powder feed rate. It was further found that the 

carbon content of the coating was proportional to the powder feed 

rate with a corresponding decrease in the nickel and oxygen contents. 

The author stated that the increased powder feed rate resulted in a 

stabilization of carbon loss as carbon combustion made the flame 

less oxidizing.

The accurate delivery of pov/der to the plasma jet is extremely 

important. Any pov/dcr feed unit must be able to deliver the desired 

amount of powder consistently and smoothly. It must be possible to 

vary the pov/der flow and the carrier gas flow rate independently and 

accurately in order to deal with all shapes, sizes, densities and
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types of powders likely to be encountered. Two types are normally 

used, both being assisted by aspiration and vibration. These 

types are Screw/Meter Wheel Feed and Orifice Feed type.

The orifice type powder feeder has been described by several workers 

(5, 51). The powder is held in a hopper over an orifice through 

which it is allowed to feed by gravity. The powder feed depends 

therefore on the size of the orifice and the particle shape (46).

The hopper is vibrated and held at a slightly positive pressure, both 

factors assisting powder feed. The powder is then carried away by 

the flow of carrier gas, the flow rate being dependant on the material

density. The characteristics of Screw and Wheel powder feed units -
\

are totally independant of the powder to be sprayed. The powder is 

held in a vibrating, positively pressurized hopper over the screw 

or meter wheel and is fed through a relatively large diameter orifice 

of constant dimensions onto the rotating screw thread (or meter 

wheel). The powder feed rate is controlled by the size of the buckets 

in the meter wheel or by the pitch of the screw and by the speed of 

rotation of the metering device. A constant volume of material is 

delivered in unit time. The disadvantage of this system is that at 

low speeds, the rotation is unsteady and that the metering device 

tends to wear (5, 8).

Smyth (42) discussed the necessity of powder hopper vibration with

respect to the powder to be sprayed. If a powder is compressible by

5 to 15% it could be directly gravity fed. If the powder can be 

compressed by up to 26%, vibration was essential, and above 37% the 

powder would not flow and is not suitable for spraying. Similarly 

if the angle of repose of a free standing pile of powder is measured, 

the powder can be similarly categorized, the higher the angle of

repose the greater would be the need for hopper vibration.
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The gas which carries the powder from the metering system to the 

plasma is known as the carrier gas. Its flow rate depends primarily 

on the density and particle size of material being sprayed and the 

desired position of the powder in the flame. Not surprisingly, the 

deposit efficiency was found to be dependant on the carrier gas flow 

rate, the efficiency rising to a maximum and then falling with 

increasing flow rate (16, 34, 52).

Houben (53) investigated the characteristics of two powder feed 

systems. The first method was based on conventional powder feeding 

using a carrier gas via an external powder feed nozzle. By bleeding 

off a portion of the carrier gas immediately before the particles 

entered the plasma flame, he was able to accurately position the 

spray particles along the spray axis, thus improving the powder 

distribution in the flame. In the second method, he fed the powder 

axially through the cathode and into the arc chamber where its 

heating commenced before being expelled through the anode. Using 

these two systems, the author was able to achieve a high degree of 

symmetry in the powder distribution and, relative to standard 

powder feed techniques, a narrower spray cone. The oxide content 

and porosity was reduced in both systems and it was found that the 

first system produced hotter particles.

Smyth (54) pointed out several problems previously experienced 

with the cathode injection system, namely the adhesion of particles 

to the hot cathode and powder build up in both the gas chamber and 

the nozzle bore. Houben (53) did not report having encountered 

these problems.
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Variables Associated with the Spraying Procedure

Variables associated with the spraying procedure, particularly the 

spray range, spray angle and spray atmosphere, are critical with 

respect to the quality of coating produced.

Spray Range

The spray axis of any plasma spraying gun, is the imaginary line 

between tlie tip of the cathode and the centre of the cinode bore, this 

line extending towards the substrate. The spray range is taken as 

the distance along the spray axis from the external face of the anode 

to the working surface of the substrate. The temperature (10, 33) 

and velocity distribution (40, 55) in the flame at varying spray 

range has been discussed by several workers, as described earlier.

It has been suggested that the temperature and velocity factors 

govern the density and adherence of the coating. Several workers 

(7, 21, 22, 56, 57, 58) have described how the coating density was 

reduced as the spray range increased. Olievskii (22) suggests that 

'... all quantities which improve the heating of the spattered 

particles in the plasma jet increase the absolute value of the

density __'. Marynowski (7) referred to the maximum distance a

particle travels before it solidifies. This distance depends, 

together with the particle size and velocity, on the heating of the 

particle and therefore the plasma energy. Chevela (21) refers 

directly to the particle and plasma temperature decreasing as the 

spray range increased. Sillins (50), however, found that, when 

flame spraying nickel coated graphite onto steel, as the spray range 

was increased to 25cm, the coatLig density increased to a maximum.

At greater spray ranges the coating became less dense but he does 

not attempt to explain this observation. The composition of the 

coating varied systematically with spray range as more carbon was
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burnt out of the original powder. An increase in oxygen content was 

also detected- Bobrov (18) describes the increasing decarburization 

of carbide spray particles with increasing spray range but qualified 

this by saying that most oxidation occurs at the substrate surface. 

Janowiecki (40) showed that as the spray range was increased, the 

pencil hardness of a sprayed polymer coating fell. The author however 

also observed a systematic variation in the amount of aluminium 

pigment in the polyimide, thus the hardness variation cannot be 

realistically related directly to the spray range. IVhen spraying steel 

coatings onto steel substrates, Chaika (59) observed the coating 

hardness and the spray range to be proportional. At short spray 

ranges, the substrate can become strongly heated (59, 60) whereas at 

long spray ranges, the substrate may be hardly heated at all (59, 61). 

Chaika attributed his hardness observation to improved quenching of 

the spray particles and martensite formation. He comments that this 

relationship may be reversed for other materials. When spraying 

molybdenum onto a grey cast iron substrate, Chaika (26) found that the 

molybdenum micro hardness and the crystal lattice distortion decreased 

with increasing spray range. Chaika suggested that the decrease in 

lattice distortion was due to the decrease in particle velocity as the 

spray range increased, any variation in the lattice distortion being 

reflected by variation in micro hardness. Several workers (57, 61,

62, 63) have discussed the variation of particle temperature and 

velocity with spray range. It has been found that spray range is 

inversely proportional to both parameters, the powder particles 

attaining a maximum temperature and velocity shortly after leaving the 

powder feed orifice. This inverse relationship is due to the decreasing 

plasma velocity and temperature combined with its dilution by the 

ambient atmosphere.
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Chevela (23) measured the variation of shear bond strength with spray 

range for tungsten coatings on stainless steel shafts. He showed 

these two parameters to be proportional, the bond strength tending to 

a maximum. Failure was found to be cohesive (within the coating) 

rather than adhesive (at the coating metal interface). From the results, 

he concluded that the adhesive shear strength was greater than the 

cohesive shear strength and that the shear strength of the coating 

decreased away from the interface. In regions where adhesive failure 

occurred, substrate deformation was always present. Veerling (60) 

commented that as tlie spray range was increased the coatings adherence 

was reduced. Similarly Nimvitskaya (64) found that the adherence of 

plasma sprayed alumina to steel, as measured by the impact force to 

cause deleuaination at the substrate/coating interface, was inversely 

proportional to the spray range. Trovimov (65) whilst spraying zirconium 

dioxide onto a steel substrate using a 75% Ni-Cr layer (0.01cm thick) 

between the coating and substrate, observed an inverse relationship 

between bond strength and spray range. The author determined the 

bond strength by what he called a uniform peeling test. He found 

extremely uneven adhesion and a porous deposit, both due to poor 

particle melting; the adhesion was generally lower than for samples 

which had been v/ire flame sprayed. The adhesion of the plasma sprayed 

deposits was improved to a level equal or exceeding that of the flame 

sprayed deposit by increasing the degree of particle melting and 

shortening the spray range. Trovimov (65) did not mention whether 

adhesive or cohesive failure was experienced.

Chaika (66) used the pin technique to measure the bond strength of high 

carbon steel coatings on normalised mild steel substrate. He found 

that as the spray range increased, the bond strength increased to a 

maximum and then decreased. He attributes the low bond strength, of
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2the order of 240 Kg/cm at 8cm, to substrate overheating cind coating
2distortion. A maximum bond strength of 290 Kg/cm at 12cm spray

2range was found, falling to 215 Kg/cm at 20cm spray range. As the 

spray range was increased, the plasma jet at the substrate surface 

was broadened, resulting in a decrease in the thermal flux, the 

particle temperature and particle velocity. The spray range 

corresponding to maximum adhesion was thought to be the optimum 

position between temperature and velocity of the particle and the 

effect of the flame on the substrate. Chaika (66) did not define 

whether adhesive or cohesive failure occurred. Smith (67), however, 

found no variation in the adhesion bond strength of flame sprayed 

aluminium on steel when the spray range was increased from 4 to 21cm.

Svirskii (57) found that when spraying oxide powders onto steel 

substrates, as the spray range increased, the coating was formed only 

by the larger particles in the powder fraction. The fine particles, 

having been cooled during the later part of their trajectory, did not 

adhere to the substrate and were carried away by the gas flow. The 

particle size achieving adhesion was found to be proportional to the 

spray range. This observation may be expected to reflect the deposit 

efficiency. It has been shown by several workers (57, 64, 68) that 

an increase in spray range may be associated with a decrease in 

deposit efficiency due to the reduction in the Kinetic and thermal 

energies of the particles. Thompson (58) observed an increase in 

porosity with increasing spray ramge but an inverse relationship 

between spray range and the surface roughness of flame sprayed aluminium. 

The observation concerning the roughness would seem contrary to the 

thermal and kinetic energy considerations but it must be borne in mind 

that aluminium coatings applied under optimum conditions have an 

extremely rough surface finish.



A further observation concerning, in particular, the loss of thermal 

energy with increasing spray range has been made concerning the quality 

of the coating. Grisaffe (61), when spraying tungsten onto hot 

tungsten substrates, found that as the spray range was increased the 

number of spherical particles in the coating increased. Cracks also 

began to appear in the coating. The polished substrate surface was 

found to have been damaged by tlie impinging tungsten particles, the 

degree of damage being directly related to the spray range.

Coating Thickness ■'

Tlie question of the type of coating failure, adhesive or cohesive, is 

of both academic and technological importance. Technologists may 

argue that if a coating 'comes o f f  it fails. They may be correct in 

their assessment, but if it fractures cohesively, does it leave 

sufficient coating behind to do the job? Conversely, does fracture 

occur in the substrate? Sharivker (69) detailed the large bond 

strength scatter experienced by different workers and suggested that 

this was largely due to the differing test methods and the non 

allowance for coating stresses. Increasing the coating thickness 

significantly increases the internal stress of both the coating and 

the substrate and increases the stress gradient across the coating. 

Coating/substrate interfacial forces are generally shear forces which 

considerably weakens the bonding, possibly reducing the adhesion to 

zero. It is known that increasing the coating thickness can lower the 

adhesion of the coating (70, 71) but this can be effected by adhesive 

penetration (70); Sharivker (69) studied the relationship between 

adhesion and coating thickness using the Pin Technique for molybdenum 

or alumina on mild steel or aluminium. His results are presented in 

Fig. 1.8. The negative slope region (marked I), within which adhesive 

failure always occurred, varied with both coating material and substrate
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material. Within region II, Sharivker always observed mixed adhesive 

and cohesive failure. This was thought to be due to em increase in 

the adhesive bond strength with decreasing internal stress. Locally, 

adhesion was greater than cohesion, failure occuring at the weaker 

position. With decreasing coating thickness (III), failure was always 

found to be cohesive and the force for failure, the so called 

'stripping force', decreased. ■ •

Sharivker referred to the ordinate intercept of zero coating thickness 
-2(130 Kg cm , Fig. 1.8a), as the strength of adhesion without the i

influence of internal stress. It has been recommended (52) that 

several passes be used for thicker coatings in order to minimize the 

coatings residual stress.

Spray Angle

The spray angle is defined as the angle between the substrate surface 

and the spray axis. It is generally recommended that this angle be 

90° or 'shadowing' of a rough surface may occur with subsequent porosity 

(50, 57, 60). Hasui (72) and Olievskii (22) both observed that as the 

spray angle was reduced from 90°, the coating density decreased.

Hasui (72) found that the effect on molybdenum and alumina coatings 

was small between 90° and 30°, but Olievskii (22) found a significant 

effect (approximately 10%) between 90° and 70° for the carbides of 

niobium and zirconium. Sillins (50) found that the coating density 

was dramatically reduced below a spray angle of 45°. He also observed 

an increase in the carbon loss from the nickel coated graphite as the 

spray angle was decreased. He recommended the use of pinch air jets 

below a spray angle of 67° as these provide positive flame direction. 

Their use increased the coating density with only slightly increased 

carbon loss. Hasui (72) enumerated the effect of spray angle on bond
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strength. He found that for alumina on mild steel, the adhesive bond 

strength rose only slightly as the angle fell from 90° to 45°, but that 

the cohesive bond strength of this system rose significantly between 

these values. He also showed that the cohesive bond strength of 

molybdenum was more than dovibled by altering the spray angle from 90° 

to 45°. Svirskii (57) found that as the spray cingle was reduced, the 

shear bond strength of ceramic coatings on steel was reduced but 

Smith (67) found no appreciable effect on the adhesion of aluminium 

coatings when the angle was varied between 90° and 30°. As the spray 

angle was increased towards 90° it was found (72, 57) that the deposit 

efficiency increased and that as the spray angle was changed the

lamella directionality within the coating varied correspondingly.
-

Budnik (68) found the maximum deposit efficiency to occur at 60 . 

Stanton (73) recommended that when spraying round samples, a minimum 

diameter of 2cm be used or the deviation from the normal spraying 

eingle would result in a porous deposit.

Traverse Speed

The effect of the traverse speed of the-gun passed the substrate is 

recognised as not being critical although its variation can be 

utilized. As the traverse rate increases, the substrate, at a given 

spray range, will remain cooler and the coating thickness applied per 

pass will be reduced. This, in turn, will reduce the coating residual 

stress to the advantage of adhesion. When spraying rounds, the surface 

speed of the rotating sample and the traverse rate must be such that 

the gun does not move through more than the effective spray cone 

diameter before the work piece has revolved once.
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Spraying Atmosphere

As described by many authors, the ambient spraying atmosphere can be very

important if either substrate or coating are likely to react with the

atmosphere. This can be especially important if a long spray range

is required. Various methods of protection are available. For example,

a collar may be fitted around the anode extending nearly to the

substrate, through v/hich nitrogen or argon is flushed. Houben (74)

described a conical shielding device of this nature. A water cooled

cone was fitted around the anode, through which a primary shielding

gas was passed in addition to the plasma forming gases. The oxygen '

content of the coating was reduced significantly but the level of

success was found to be dependant on the distance between the cone
.

mouth and the substrate surface. It was found that the deposit 

efficiency was slightly reduced, which he reports to be probably due 

to the lack of energy due to the oxidation of the spray particles, 

but the original efficiency was restered by increasing the arc power. 

Dense coatings have been produced by using a centre line injection 

technique (53). Houben did not mention any cooling effect of the 

shielding gas. • ; '

bongo (75) was able to reduce the spray range from 15 to 4cm when 

plasma spraying tungsten onto steel by using carbon dioxide or argon 

cooling and shrouding jets. The density and tensile strength of the 

coatings were improved.

Plasma spraying in a vacuum chamber is not normally attempted because 

of the difficulties in maintaining an adequate vacuum and 

difficulties with powder feeding due to the plasma becoming thin.

However, vacuum type chambers are very often utilized in order to spray 

into a specific controlled atmosphere, in which the sample and the
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spray gun are generally sealed.

Elyutin (76) has described in inert atmosphere chaniber which has been 

used to spray molybdenum onto graphite. He recorded the effect of the 

spraying atmosphere and the initial substrate temperature with respect 

to the shear bond strength. He suggested that when preheating the 

substrate to 150°C in air, the presence of oxygen promotes chemical 

bonding. At the same substrate temperature in a neutral atmosphere, 

no substrate/coating bonding was observed (the coating thickness was 

always between 0.7 and 0.9mm at a spray range of 13cm). Much higher 

substrate temperatures are required to promote bonding in an argon 

atmosphere. Maximum bond strength was found to occur at 1200°C, this 

bond strength being 6 times greater than that produced in air. Elyutin 

shows the high temperature bonding to be due to compound formation.

Kayser (77) succinctly pointed out the virtues of spraying in a controlled 

atmosphere. He described a chamber suitable for such work, the spray 

atmosphere being recycled in order to save expensive gases. Full 

control over the gun characteristics anc'. substrate movement was main

tained. V/hen spraying titanium in an argon atmosphere, adequate 

adhesion and high density of the deposit was found. Kayser (78) has 

developed an inflatable plastic tent that achieves the characteristics 

of the cheimber (77) on an industrial scale. The spraying equipment, 

work piece and operatives (wearing respirators) were contained in 

a tent inflated with argon.

Kitahara (19) has described the effect of spray conditions eind ambient 

atmosphere on the condition of nickel or molybdenum particles produced 

in a wire fed plasma jet. Ihe arc gases were argon or argon plus 10% 

hydrogen spraying into an atmosphere of air, argon or a low vacuum
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(5-7 Torr). WTien spraying into a vacuum, an unspecified amount of air 

or argon was entrained in the arc gas. He found that the particle 

size produced varied with the spraying atmosphere; air producing the 

smallest and low vacuum producing the largest particle size. The 

author found that when spraying in air, the particles surface was 

svibstantially oxidized. WTien spraying in argon, oxides were detected 

but when spraying in low vacuum, surface oxide was present and 

presumed to be due to the air retained in the chamber.

Muller (28) described the structure and properties of arc sprayed 

coatings, particularly that of titanium. He showed that when spraying 

in an inert argon atmosphere, titanium had an extremely high adhesion, 

due to diffusion caused by the treatment of the substrate surface prior 

to spraying (Grit Blasting). The coating was found to be extremely 

dense, non lamella and to contain both a and 3 titanium. By introducing 

nitrogen and oxygen, the coating was embrittled and crac k e d . T h e  

adhesion was lowered, nitrides were formed and less 3 titanium was 

apparent.

Karpinos (79) described a novel method of controlling the spraying 

atmosphere. The gun was ignited, the anode lowered into water eind 

spraying proceeded at a reduced spray range (7.5 to 10cm reduced to 

2.5 to 3.0cm) producing a highly adherent, dense coating. When 

spraying carbides with this method, minimal degradation of the powder 

was experienced.

Variables Associated with the Substrate

Substrate material is usually chosen either because of its physical 

emd mechanical properties or because of economic considerations. The 

chemical properties are very often ignored, the purpose of coating
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very often being to avoid these considerations. However, the physical 

and chemical properties as well as the surface condition of the substrate, 

are important to the successful application of spray coatings.

Substrate Physical Properties

Chevela (21, 80) depositing tungsten or zirconia onto substrates of

chromium, bronze, titanium alloy, high alloy stainless steel and

aluminium alloys, found that as the substrate's thermal conductivity

increased and hardness fell, the coating's porosity increased.

As the molten particle initially contacted the substrate, the particle '

was cooled more rapidly on material of high thermal conductivity.

Chevela found that the particles experience greater deformation,
\

resulting in greater substrate contour conformation, as the substrate 

becomes harder. He further states that these are the principle 

factors to account for the observed porosity variation in his work, 

particularly with coating thicknesses be tween 0.3 and 0.5mm. As the 

coating thickness increases, the importance of these 'thermo physical’ 

properties diminishes and finally becomes negligible. He argues that 

the wettability of the substrate by the coating particle was dependant 

on the temperature of the particle at the instant of collision and the 

rate of heat transfer through the substrate. On a substrate of low 

thermal conductivity, the droplet remained fluid for a relatively long 

time thus enabling full wetting to occur. V/hen a stream of molten 

particles struck a low thermal conductivity substrate, spreading of 

the droplets leads to the gaps betv/een previous droplets being filled. 

Chevela (00) compared the thermal conductivity and micro hardness of 

the substrate to the mean diameters of the individual spray particles 

of tungsten on the titanium,stainless steel and copper substrates 

mentioned earlier.
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The moan diameter of the deformed particles on the substrate was 

found to decrease from 0.445 to 0.275mm as the thermal conductivity 

increased and the micro hardness decreased. As the particle diameter 

increased, the lamella thickness decreased. A similar trend in 

results was found at different arc currents and spray range settings. 

At the instant of collision, the substrate hardness played a dominant 

role, after which the thermal conductivity becomes dominant. In 

arriving at his conclusions, Chevela (80) did not account for any 

variation in wetting characteristics between tungsten and the various 

substrates.

Olievskii (22) argued that when a hot particle strikes a hard 

surface, it experiences both plastic and elastic deformation. An 

increase in the proportion of elastic deformation causes the coating 

density to drop; an increase in substrate hardness having this effect. 

He referred to the elastic recoil suffered by particles rather than 

Chevela's splattering. As the coating thickness increased, the 

elastic properties of the SLibstrate became masked and the coating 

density tended to a constant value. Noticeably, as the coating 

thickness increased, the coating density fell when spraying alumina 

on to metal substrates (copper, molybdenum and tungsten) and also, 

but much less noticeably, when spraying alumina onto niobium oxide. 

The alumina's terminal density was different when using these 

metallic and non metallic substrates.

Chevela's work (21, 80) suggested that the specific heat of the 

substrate must also be important because it affects the final 

substrate temperature which in turn affects the heat conduction 

and the substrated hardness. The degree of quenching experienced 

by a particle is therefore partially governed by the suiistrate's
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specific heat. The absolute temperature of the substrate must also 

be important but this will be discussed at a later stage.

Kayser (81) investigated the adherence between sprayed metallic 

coating/substrate systems in terras of the physical properties of 

the components. He derived a Thermal Penetration Factor (b) as being 

the square root of the product of the materials density, specific 

heat and thermal conductivity (b = /pcX)). This factor is a measure 

of how quickly heat may be conducted away from the interface. The 

substrate (b^)/coating (b^) ratio governs the interfacial 

temperature gradient, this gradient being defined by the temperatures 

V (temperature of the coating material), V (temperature of the 

substrate material) and (the liquidas temperature of the substrate 

material). Considering these criteria, the author was able to 

define three distinct substrate/coating categories. If b^/b^ = 1, 

then if the substrate surface is to become liquid, the minimum 

spray particle temperature is given by = (2V^ - V^) . The adhesive 

bond strength may be increased by preheating the work piece. If 

however, b^ > b^, to achieve metallurgical bonding, the particle 

temperature must be increased but if b^>b^ the spray particle 

temperature should be adequate to achieve fusion with the substrate. 

Kaysers results (81) confirm the observations of Grisaffe (62) and 

Frumin (82) who obseived that when spraying onto substrates of low 

thermal conductivity, spray particle adherence was increased due to 

the low substrate thermal conductivity (62) and that a low thermal 

conductivity increased the tendency to 'fusion bonding' (82).

Having reviewed the major physical factors governing the state of 

a particle as it strikes the substrate, several other factors must 

bo discussed which contribute to the 'sprayability' of the substrate.
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Tlie melting point of the substrate may be very important. Difficulty 

is often experienced when spraying on to low melting point materials, 

for example, aluminium or magnesium, as gross melting or burning of 

tlie substrate can occur. Raising the traverse rate can help and 

increasing the spray range can often partially alleviate this problem, 

but only at the expense of adhesion and density. Karpinos (79) 

achieved some benefit by immersing the v/ork piece and the spray gun 

anode in water. Alternatively cooling gas can be flooded around 

the work piece (75). During spraying, the substrate will undoubtedly 

rise in temperature, the extent being dependant on the specific heat 

and mass of the substrate, the spray range and traverse rate. The 

temperature gradient through the substrate will depend on its thermal
X \

conductivity. The coating material, on striking the substrate, may 

be cooled from above its melting point down to room temperature 

accompanied by considerable contraction of both the substrate and 

coating, A stress gradient will be established witliin the coating.

If tlie coating contracts more than the substrate, the coating will 

be held in tension. Conversely, if the substrate contracts more 

than the coating, the coating will be in compression. Shear forces 

are likely at the substrate/coating interface, possibly resulting 

in adhesive failure. These considerations will always be important 

if the coefficents of linear expansion of the substrate and coating 

are dissimilar. V/liere possible, this must be allowed for in 

selection of materials, particularly if the sprayed component is 

liable to thermal cycling during service. If similarity of 

coefficients is not possible, two solutions arc available. Between 

the substrate and coating, a thin intermediate layer of material 

may be applied, this material having a coefficient intermediate to 

the two extremes. The alternative is to use a 'graded interface' 

to reduce the stress gradient.
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Substrate Chemical Properties

Of the chemical considerations, the wettability of the substrate 

by the coating is probably the most fundamental consideration. 

Theoretical adliesive strength is only likely to be obtained only 

with complete wetting of the substrate by the coating, positive 

wetting being accompanied by a decrease in surface free energy.

The wetting of the surface is further proportional to the surface 

roughness. If the contact angle on a smooth surface is less than 

90°, roughness will increase the wetting.

The reactivity of the substrate is a basic problem. Even after 

physically and chemically cleaning the metal substrate surface, a
X \

thin oxide film will remain on the surface because of the reactivity 

with the atmosphere. During the prespraying procedure, this oxide 

is invaricibly thickened to some extent, even if only by the heat 

of the gun ahead of the powder. Therefore, unless elaborate steps 

are taken, the substrate seen by the powder is normally oxide. The 

physical and chemical properties of the oxide, together with its 

thickness, must therefore be considered.

Having decided what phase the spray material will see, whether it 

be clean metal substrate, an oxide or a mixture of the two, the 

reactivity between the substrate and the coating is of importance. 

Reactivity in this context not only refers to direct chemical 

reaction, for example, oxidation and reduction, but also to compound 

formation, solution formation and diffusion reactions. Keller (83) 

has shovm that the ease of intermediate phase formation strongly 

influences the adhesive bonding. A rod and plate of different metallic 

materials were cleaned in ultra high vacuum and the tv/o surfaces 

brought into contact. Adhesion was always observed with metal pairs
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capable of intermediate phase formation (Fe/Al, Cu/Ag, Ni/Cu and 

Mi/No) , but no adliesion v/as observed if the pairs were immiscible 

(Cu/Mo, Ag/Mo, Ag/Fe and Ag/No). Keller suggested that the miscibility 

of the two phases determines the bonding if mechanical influences 

are excluded.

Substrate Preparation

The physical condition of a substrate, prior to coating, is extremely 

important and has been considered by many workers.

Walker (84) considered the adhesion of copper to nickel. He
X \ ^

determined the effect of temperature, in the range 200 to 300 C, 

on the adhesion coefficient and the penetration of each element into 

the other. The adhesion coefficient was taken as the ratio of the 

force to cause separation relative to the constant contact force.

He showed that the adhesion coefficient increased with test 

temperature, uncleaned sample always being lower than those which 

had been degassed, the curves diverging at high temperatures. It 

was found that the depth of penetration was always greater for the 

uncleaned than the cleaned sample, the penetration being proportional 

to temperature. Little or no penetration was in fact recorded for 

the degassed samples. Walker suggested that the lack of penetration 

on the degassed samples was due to surface diffusion requiring much 

less energy than bulk diffusion. The increase in strength was due 

to em increase in the true area of contact.

British Standards (85, 86) recommend that, immediately prior to 

spray deposition, the substrate should be heated to between 100° 

and 200°C v;ithout contamination or local overheating. The initial
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purpose of preheating has been reported as being to either stop 

condensation of water vapour on the substrate (particularly during 

flame spraying (07)) or to remove any remaining water vapour from 

the substrate (52). Ingham (52) has stated that preheating does 

not contribute to the bonding unless high preheat temperatues are 

used and Longo (88) observed that if a sufficiently high preheat 

level can be achieved, metallurgical bonding may occur when metal 

spraying.

VTlien flame spraying zirconia onto grit blasted armco iron (87) 

preheating was found to increase the bond strength. Bliton 

suggests that this was due either to the peening of the aspérité
X \

tips to form undercuts, resulting in greater mechanical bonding, 

or due to the formation of oxide at the substrate/coating interface. 

Bliton (87) also found that the preheating of inconel 

did not effect the adhesion of the zirconia coating but preheating 

aluminium substrates reduced the coating adhesion to zero. The 

author observed that v/hen the coating adhesion v/as directly 

related to the preheat level, coating failure became increasingly 

cohesive as tlie preheat level increased. Kremith (89) , v/hen 

spraying polyethylene, investigated the effect of substrate 

temperature on the minimum coating thickness to produce a pinhole 

free coating. He found the preheating to be extremely important 

and good adliesion was found with a substrate temperature of between 

95° and 150°C. Grisaffe (51) observed that tungsten did not adhere 

to a tungsten substrate unless preheating was applied but Longo 

(75) found that by using gas shrouding and spray ranges of the 

order of 4cm, adherent tungsten coatings were formed at preheat 

levels of approximately 350°C. The coatings internal stresses 

were reduced by this spraying technique and the adherence was found
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to be adequate. Hasui (72) plasma sprayed alumina onto mild steel 

substrates at temperatures between 150° and 380°C. He observed that 

the bond strength increased markedly with preheating temperature 

and that failure was always cohesive. He also identically preheated 

samples and allowed them to cool before spray coating them. The 

bond strength was then found to be independant of the temperature 

to which the sample had been raised and the substrate surface was 

found to be covered with V.’ustite (FeO) and Haematite (Fo^O^) . The 

constant bond strength obtained in this manner was very similar to 

that observed when no preheating was applied. Failure v/as always 

observed at the interface between the coating and the oxide of the 

substrate. When the substrate was cold, the spray particles splash, 

but if they v/ere sprayed onto a heated substrate, good adhesion was 

found and the particle was a translucent, flattened circular disc.

Elyutin (75) plasma sprayed molybdenum onto graphite varying both 

the substrate temperature and the spraying atmosphere. V/hen spraying 

in air onto a substrate at 150°C, the good adhesion observed was 

thought to be due to the oxygen content of the coating. However, 

when spraying in an argon atmosphere, no adhesion v/as observed until 

a substrate temperature of 8C0°C v/as recorded. The adliesion then 

increased v/ith temperature up to a maximum at 1200°C, beyond which 

the adliesion fell. Bonding at 1200°C v/as found to be due to the 

formation of Ho^C at 'active sites'.

In a second paper, Elyutin (90) put forward an equation v/hich gave 

the substrate temperature necessary at the moment of contact between 

the substrate and the spray particle to achieve inter atomic bonding. 

The equation was :
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B = / A cp)

IVhcre B,. = Coefficient of Heat Accumulation of the Coating
M

B̂ , = Coefficient of Heat Accumulation of the SubstrateN

T = Temperature of Melting of Coating or the 

Substrate Temperature 

c = Specific Heat

A = Coefficient of Heat Conductivity

p = Material Density

He showed that when this temperature was close to or exceeds the 

temperature for the formation of the liquid phase (in the equilibrium 

phase diagram), adhesion was observed. He used this to explain 

the adhesion of metal pairs, including molybdenum and titanium. As 

predicted, it was found that molybdenum adhered to titanium but not 

titanium to molybdenum. This equation complements that of Kayser 

(81) who used a similar equation to describe the preheat level 

necessary to achieve metallurgical bonding.

Elyutin distinguished between the substrate/coating pairs, whether 

they formed limited solid solutions, unlimited solid solutions or 

intermediate chemical compounds at equilibrium but he could not 

correlate the adhesion between the pairs with phase équilibra 

when tlie substrate was cold. Kostikov (91) , considering a limited 

number of systems between tungsten, molybdenum, copper, niobium and 

nickel, tried to relate the variation in shear bond strength with
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preheating temperature to the system's equilibrium phase structure.

The shear bond strength increased with temperature in each case, some

combinations (W on Cu, Mo on Cu and W on Mo) tending to a maximum

value. Kostikov postulated that the effective preheating range is

governed by the solubility of one metal in the other. He showed that

for systems showing compound formation (Mb on Ni and Mo on Mi) no

preheating was necessary. Bonding will occur to a cold substrate but

preheating will dramatically increase the bond strength. For systems

shov/ing limited solid solubility, a relatively low degree of

preheating was required. For tungsten and molybdenum on copper the

effective preheating ranges were found to be 250^ to 550°C and 450°

to 650°C respectively. V.here full solid solubility was experienced,

greater preheating was found to be necessary and the effect of the

preheating was less marked. For tungsten on molybdenum and niobium

on molybdenum the effective preheating ranges were found to be 650°C

to 850°C and 550° to 750°C respectively. The maximum values of

shear bond strength for tungsten on copper and molybdenum were 14 
-2and 7 Kg mm respectively. The author argued that a minimum temperature 

for bonding exists, further preheating raising the bond strength 

until eventually cohesion failure predominates.

Both Appen (71) and Svirskii (57), when spraying oxide coatings 

onto steel at various preheat levels, found that as the preheat 

level was increased, the coating adhesion increased to a maximum and 

v;as then reduced. Maximum adhesion occurred at 30O°C (71) and 

200°C (57) . Both authors conclude that the fall in adliesion was 

due to substrate oxidation.

The effect of substrate surface preparation has been studied by many 

workers. It is generally agreed that before spraying, the surface
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must be prepared, usually by grit blasting. It is not clear, 

however, as to the nyore important effects of grit blasting. Grit 

blasting will remove all surface rust and the bulk of any contaminant 

present (oil, water etc.). The unit surface energy and the point 

defect concentration will both be increased; the surface will be 

roughened and the unit surface area will be increased.

British Standards (92) describe suitable surface preparations 

prior to applying a surface coating. The surface must be degreased, 

grit blasted, preferably with non metallic grit, and free from any 

foreign matter before beginning to spray.

Bliton (87) studied the effect of surface preparation in the 

adhesion of flame sprayed stabilized zirconia to armco iron, aluminium 

and inconcl substrates. The bond strength was determined using the 

normal resin bonded tensile testing procedure. The surface preparations 

used v/ere a ' light' sand blasting with -40 + 50 mesh silicon carbide 

from a bench type sand blaster and from a large air volume blaster.

A third surface was considered, this surface having been 'heavily' 

blasted and then flame sprayed with a thin layer (25mm) of nickel- 

chroraium alloy which did not completely cover the surface. Bliton 

found that the increase in roughness caused no significant change 

in the bond strength for the inconel and armco substrates, but the 

bond strength with aluminium was decreased. Bliton (87) argued that 

as the aspérités on the rougher surface were larger than on the 

lightly blasted surface, they would penetrate further into the coating 

therefore distributing the interfacial stress over a larger area 

and promoting better adherence. It was suggested that this advantage 

was nullified by relatively large, smooth sided, V-shaped surface 

depressions which promote little adherence. Failure during bond

45



strength testing was found to be adhesive and cohesive. 1/hen using 

the nicke1-chromium interlaycr, very high bond strength was experienced 

with each substrate, failure being entirely cohesive.

Endoh (93) considered the effect of grit blasting parameters on the 

surface topography and its effect on the bond strength of flame 

sprayed zinc coatings on steel. The grit blasting parameters considered 

were particle size, blasting density (v/eight of grit per area blasted) 

and the length of the blasting nozzle at a constant nozzle diameter.

He determined the surface roughness and the number of anchor points 

on the steel surface and measured the torsional and adhesive bond 

strength of the zinc coatings. It was found that surface roughness 

and anchor point concentration reached a maximum beyond which these 

values decreased for each of the grit blasting parameters considered. 

The torsional bond strength was found to increase with grit blasting 

density and nozzle length but the bond strength was only very 

slightly effected by grit size. The adhesive bond strength was 

found to be related to increasing grit size whereas it rose to a 

raa_ximum and then fell with increasing nozzle length and grit blasting 

density. Failure in the bond strength tests was invariably cohesive.

Jennings (94) studied the effect of the surface roughness on the 

bond strength of adhesives. He showed that random roughening of the 

substrate surface increased the butt tensile strength of a joint 

when using a brittle or a stiff adhesive, this increase in strength 

being a function of the rougîmess. The author suggests that 

variations in the bond strength were associated with the change in 

stress distribution at the interface.

Marynowski (7) in 1965, said that bonding was usually a result of
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interlocking between the coating and the substrate profile but that 

'the importance of a limited degree of chemical bonding is still 

debated for some systems'. Grit blasting to a surface roughness of 

50 to 100}im was satisfactory, as was selective etching. Paithankar 

(95) found satisfactory adhesion alumina and zirconia sprayed onto 

substrates of mild steel, etched in nitric acid and ferric chloride 

solution as well as when spraying onto graphite, prepared by 'sand 

papering'. Substrate cleanliness was found to be extremely important.

Bardai (70) considered the state of the substrate, after blasting, 

in terms of material properties, geometry and cleanliness. He 

pointed out that the Roughness Profile Height and mean arithmetic 

deviation (as obtained from stylus type measurements) cannot 

sufficiently represent the geometric profile of the substrate which 

influences the adliesion. By grit blasting with angular iron grit 

(G12-G24) or silica sand (0.5 to 1.5mm), Roughness Profile Heights 

of between 8 and llyra were obtained. Variations of bond strength 

within this band v/as negligible but inferior adhesion was obtained 

with lower values. The author further considered the topographical 

effects (96) by considering the Centre Line Average (Ra) of roughness, 

the maximum peak/trough height / the number of peaks in the

profile (n) and the true surface area, leading to a Surface Roughness 

Factor (SRF, True area per unit apparent area). He commented on the 

importance of anchoring by overhangs and the like but did not attempt 

to estimate their density. Mechanical bonding will depend on the 

number of anchoring points but physical and metallurgical adhesion 

will depend on the surface area and cleanliness. An increase in 

roughness, and therefore true surface area, may result in all three 

bonding mechanisms being enhanced. However, surface area depends 

not only on R^ but also on the number of peaks (n). Bardai investigated
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the variation of adliesion with R , R , n, (R .n) and SRF. Tliea Max a
geometric factors were obtained from Talysurf readings and the true 

surface area was determined electrochemically. He measured the 

rate of electrochemical reaction in a specific redox system, v/hich 

was proportional to the true surface area but no allowance was made 

for the residual surface stresses introduced by grit blasting.

However, he defined his surface roughness factor as being the 

ratio of the true surface area of the sample to the true surface 

area of a smooth standard surface, both areas being related to unit 

area. Values of SRF, determined from cut wire blasted samples, 

showed a large scatter while it was found that scatter of values 

obtained from iron grit blasted surfaces was 'moderate'.
N \

V/hen using cut wire to abrade the substrate, low adhesion was obtained

in all cases (flame sprayed zinc or aluminium onto steel and arc

sprayed aluminium onto steel). This was thought to be due to the

wire being vrarn or relatively soft. Bardai (95) found no clear

relationship between adliesion and R or n. (Adhesion was determineda
by the tensile stud method (70)). However adhesion increased with 

increasing (R^.n) and with increasing SRF. Lack of cleanliness 

reduces the true surface area and is therefore likely to be important 

as well. The surface cleanliness was further investigated (70), 

two methods being used to express cleanliness. Bardai describes 

the Swedish standard, SIS 055900, which allows the comparison of 

the cleanliness of blasted surfaces with different colour plates, 

each designated v/ith an 'Sa' number. Bardai noted that the Sa grade 

was only comparable when using a specific grade of grit. Aluminium 

and zinc were flame and arc sprayed onto steel. In all cases the 

bond strength increased with cleanliness.
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Steffens (97) pointed out that a geometrically rough surface profile, 

discussed here on an atomic scale, results in an increased stored 

potential energy favouring sublimation, melting, dissolution and 

chemical reaction. Oxide may however form on the surface and gas 

is likely to be absorbed onto the metal surface reducing the surface 

free energy. 'A large surface area of maximum activity will tend 

to effect the adhesion rather favourably in metal spraying, regardless 

of the kind of bonding*. Grit blasting will cause a maximum lattice 

defect structure and the activation energy for diffusion in this 

lattice will be considerably reduced.

Ingham (52) recommended the use of roughness of a large order, such 

as grooving, threading and coarse grit blasting in order to localize 

shrinkage stresses. As spray coatings are not equally strong in 

directions perpendicular to and parallel to the lamella, the former 

being the weaker, introduction of long wave length roughness breaks 

the directionality of the coating resulting in a higher apparent 

cohesive bond strength.

Vesely (2) has sho\m that when grit blasting mild steel with steel 

grit, the influence of grit size on the adhesion of the coating was 

negligible between 8 and 30 mesh grit. Apps (98, 99, 100, 101) has 

shown that as the grit became worn and blunted, particularly in the 

case of chilled iron grit, the bond strength of the flame sprayed 

coatings to the mild steel substrate was reduced. Apps (99) found 

this to be particularly in evidence after the grit had been cycled 

through the grit blasting procedure 20 times although blunting and 

breakdown of the grit was observed after 5 cycles. He (98, 100,

101) commented that the contamination of the surface resulted in 

the reduction of the bond strength. The bond strength was found
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to be slightly reduced by grit blasting at angles between normal 

(90°) and 30° (98, 99, 100, 101) and below 30°, the adhesion was 

reduced considerably v/ith an accompanying appearence of considerable 

amounts of scoring and surface debris particularly v/hen using 

chilled iron grit. The debris was sho\m to be the powdered grit.

As the grit blasting angle was reduced it was observed that coating 

failure became more predominantly adhesive in nature. Apps (99,

100, 101) has sho'.-m. that a delay of up to 700 hours (29 days) between 

grit blasting with chilled iron grit and flame spraying with aluminium 

did not effect the coating adhesion provided the substrate was kept 

clean and dry prior to spray coating. However, v/ith exposure to 

moist conditions, deterioraition was observed within 1 hour. It was 

shovm that when using non metallic grit, a delay of 4 hours seemed 

significant. It was again observed that the deterioration of the 

bond strength was reflected by predominantly adhesive failiure 

indicating a deterioration in the grit blasted surface. It was further 

found that provided the substrate v/as thoroughly cleaned, grit 

blasting speed, pressure and distance had no effect on the coatings 

adhesion.

Apps (99, lOO) reported that for flame sprayed aluminium on steel, 

the use of non metallic grit resulted in a higher bond strength than 

with metallic grit. It v/as observed that in contrast to chilled iron 

grit, v/here blasting angle was critical, non metallic grit showed 

greater tolerance to the variation of grit blasting angle but had 

a shorter v/orking life. In contrast. Bardai (70) found that the use of 

metallic grit resulted in a higher bond strength than with non 

metallic grit.

Although there are some differences in the findings of the various

50



workers, it is generally agreed that grit blasting is, by far, the 

most effective surface preparation available. Its effect is to 

increase the adhesive bond strength of a coating to its substrate 

by increasing the surface roughness, by increasing the surface area 

or by a combination of both. The proportion of each is probably 

dependant on the substrate/coating combination.
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CHAPTER 2.

TPfE ADHERENCE OF ALUMINIUM COATINGS TO STEEL

In order to discuss the mechanisms by which aluminium coatings can 

adhere to steel, it is necessary to firstly review the mechanisms 

by which a coating may adhere to its substrate.

The bond between a coating and its substrate can be due to four 

distinct mechanisms. They can be classified as Mechanical, 

Metallurgical, Physical and Chemical bonding and are outlined 

below. The contribution of each of these mechanisms to the overall 

bonding will depend, however, on the substrate/coating system in 

question. ,

Mechanical bonding is dependant on the macroscopic surface roughness 

of the sv±vstrate. Individual spray particles key into the substrate 

contours as the coating is built-up; the keying action probably 

being due more to dovetailing than interlocking with smooth sided 

V-shaped aspérités. The mechanical strength of both the substrate 

and coating materials is important as there is no interaction 

between the two.

A metallic bond is essentially a regular cationic array with the 

valence electrons having a degree of mobility through the array. 

Metallurgical bonding relies on the interaction between two metallic 

components such that a classical metallic bond exists across the 

interface. This may be considered‘in terras of continuously changing 

composition, as may be produced by diffusion, or in terms of the 

adhesion between two individual crystalline grains, whether they 

be of the same phase or not. Substrate surface layers, particularly 

oxides and absorbed gases, must be displaced before metallurgical
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interaction can occur.

Physical bonding is considered principally in terms of dispersion 

forces, particularly Van der V/aals forces, although epitaxy must 

also be considered under this general heading. Van der Waals forces 

are due to the statistical motion of electrons around nuclii 

resulting in nett attraction. Van der Waals forces are long 

range forces, the magnitude of which varies inversely with distance. 

This bonding is independant of temperature and its formation does 

not necessitate activation. The criteria for the formation of this 

type of bond are that the lattice constants of the components are 

similar and that watting occurs.

Epitaxy is the oriented growth on a solid crystalline host phase 

of a second phase from the liquid state. The host surface must be 

absolutely clean. The formation of this type of bond requires the 

atomic spacings on a lattice plane in each component is the same to 

within approximately 15%.

Chemical bonding is considered in terms of chemical interaction 

between the two components with the subsequent formation of, in 

particular, ionic and covalent bonds. Ionic character is due to 

differences in electronegativity giving anion/cation bonds by 

electron transfer. The force of attraction is dependant on the 

ionic charge. Tne ionic bond due to a particular ion is non- 

directional and is not restricted to the first coordination shell.

A covalent bond is due to the sharing of electrons between two 

atoms, the electron orbitals overlapping. The bond is directional 

in character but is able to bridge an interface. A difference in 

electronegativity will result in a covalent bond with some ionic 

character.

53



The mechanisms of adhesion, as reported in the literature for aluminium 

coatings on steel, will now be discussed in terms of these criteria.

One of the oldest commercial techniques by which aluminium coatings 

are applied to steel is Hot Dipping. It is generally acknowledged that 

interfacial alloying will occur when the coating is applied by this 

technique (102 -  109) but there is not agreement as to the nature of 

the alloy zone. Wem i c k  (109) reported the alloy zone to be the eta 

(T) ) iron aluminide, Al^Fe^, which was characterized by a pallisade 

structure. Addition of silicon or beryllium to the alviminium may 

result in the preferential formation of Al^ Fe, this phase acting as 

a barrier to the diffusion process. Ternary alloy phases have been 

reported to form under these conditions. Andrews (102) identified an 

alloy layer 'appearing as a series of loops' between the steel and the 

remaining aluminium; Stroup (108) presented optical micrographs of hot 

dip coatings showing the characteristic pallisade structure although 

the structure of the iron/alloy interface was changed as the coated 

sample was further heat treated. Gittings (106) reported that the 

interfacial alloy layer formed during hot dipping may be composed of 

three aluminide phases, Zeta, eta and theta, but Lamb (107) identified, 

by Electron Probe Micro Analysis, a duplex layer of Al^ Fe^ (eta) and 

Al^ Fe (theta) separating the steel and the aluminium. He also 

identified iron concentrations within the coating as being Al^ Fe.

Bailey (104) reported the interfacial alloy to be A1 Fe with lesser 

amounts of Al^ Fe; he commented that this was not in accord with the 

equilibrium phase diagram. Interfacial alloying was found to occur 

very rapidly (10 3 , 109, 110) giving, for example, cin alloy layer of 

30tim thickness in 15 seconds at a dipping temperature of 70O°C (109) .

Gittings (106) has shown that the addition particularly of beryllium 

or silicon (less than 5%) dramatically reduced the thickness of the 

alloy layer.
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Aluminium may be cast around steel particularly to produce shaped 

articles in, for example, aero engine applications (102). InterfaciaL 

alloying was found to occur, the thickness of which may be controlled 

by suitable alloy additions (105).

The Pack Diffusion of aluminium coatings onto steel is known by several 

names particularly Cementation, Calorizing (UK and USA) and Atilising 

(Germany) (102-104, 108). The technique however is basically the same. 

An alloy layer of the order of 1000pm thick is formed on the surface 

of the component after several hours at approximately 900°C (103). 

Further heat treatment in the absence of excess aluminium is necessary 

to improve ductility and toughness of the coating by reducing the 

aluminium content. Stroup (108) reported the final coating to 

contain only 10 or 15% aluminium.

In cases where a thin aluminium coating is to be applied to a conplex 

shape that is to be used in a high temperature application (T> 450°C) , 

the coating may be applied by the Slurry method (103). A suspension 

of aluminium powcfer is painted onto the corrponent and then fused into 

place to gi-'/e an alloy layer of up to 75pm in thickness.

Sheet steel may be clad with aluminium by either hot or cold rolling. 

The addition of 1. 2% silicon prevents the formation of a brittle iron 

aluminide interfacial layer during hot rolling or annealing in a 

protective atmosphere (103). Bui lough (105) reported that during the 

rolling process, the surface oxide films were fractured enabling 

alloying to occur during tiie heat treatment cycle. Ershov (111) found 

that prior to aruiealing hot rolled sanples, the alloy layer was a
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phase denoted y which, by reference to Garbunov (110) is an alloy of 

low aluminium content (less than 15% by weight). After annealing at 

500°C for 30 minutes, Ershov (ill) found,by x-ray diffraction, that the 

Eta phase, Al^ Fc^, was formed. The theta phase, Al^ Fe, was not 

found. He reports the eta phase formation to be due to aluminium 

lattice vacancies in this compound resulting in increased aluminium 

mobility with consequent diffusion and the preferential formation of 

Al^ Fe^ as this being the phase requiring minimum energy.

The Electroplating of aluminium onto steel requires the use of high 

purity aluminium anodes in a pure anhydrous electrolyte (102 - 104, 

108). A matt adherent deposit is formed with no interfacial alloying 

without subsequent heat treatment. The process does not find wide 

spread commercial acceptance due to the very low rate of deposition 

and the difficulties in maintaining the electrolyte bath.

Vacuum evaporated aluminium coatings are widely used as extremely 

thin, bright finish coatings. The adherance of these films to steel 

has been studied by several workers (113-115). Fedesov (113) 

evaporated aluminium onto steel preheated to various levels up to 

800°C and was able to distinguish several substrate temperature ranges. 

Below 4CX)°C, the aluminium crystal size increased with substrate 

preheat temperature; epitaxy between the aluminium and ferrite grains 

was reported to occur. The coating was found to be pure aluminium 

up to a preheat level of 460°C. At 4G0°C, an iron aluminium alloy was 

found to have formed at the grain boundaries until at 500°C, the 

coating was totally converted to this alloy. Above a preheat level of 

750°C, aluminium was found not to condense on the steel substrate.

Hie alloy was identified by x-ray diffraction as being Al^ Fe^. It 

was found that the occurence of tliis phase lead to a reduction in the 

coating adherence, as found using the 90° Bend Test. Coating failure 

was always along the aluminium/alloy interface.
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Meyers (114) used x-ray diffraction to investigate the phases formed " 

whilst evaporating aluminiim onto steel at various preheat levels.

At preheat levels above 450°C, the coating was found to be totally 

Al^ Fe^; this co-pound was identified as forming on substrate aspérité 

tips at preheat levels down to 400°C. Between 450° and 350°C, strong 

evidence of the nixed spinal Hercynite (Al^ Fe O^) with Magnetite 

(Fe^ O4) was foand where as below 350°C, identification of the iron 

aluminate was less positive, the magnetite structure predominating.

The coating was fo’ond to be non adherent at low preheat levels, adhesion 

being associated with the onset of the formation of hercynite at 150°C. 

It v/as found that the presence of the intermetal lie did not necessarily 

improve coating adherence.

Vlasakova (115) showed that, by preoxidation of the steel substrate 

in air at between 200° and 420°C, the adhesion of the evaporated 

aluminium coating v/as improved. The duplex oxide film produced was 

magnetite (Fe^ O^) and haematite (Fe^ 0^) of thicknesses 200 emd 50A 

respectively. Ihe adhesion of the coating was further improved by 

reheating the coated sample to 400°C for 20 seconds in vacuum. If 

a thicker oxide film v/as grov/n, the adhesion was found to be unaffected 

by the reheating cycle, failure being in the oxide film.

Chemically vapour deposited aluminium coatings on steel are soft emd 

ductile v/ith a white matt appearance. Bazzare (115) found that the 

SLibstrate coating bond v/as mechanical by nature. The effect of 

substrate surface cleanliness was found to be of secondary importance 

to the coating's adherence, process parameters being of primary 

importance. >

Consistently good adhesion of electrophoretically deposited 

aluminium coatings on steel v/as obtained by placing the rolled sheet 

in a gas tight vessel, evacuating the vessel whilst being taken to
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heat (460°C) and then back filling the vessel with oxygen during the 

heat treatment and cooling cycles (117).

Lancaster (118) reported the development of this Elphal process. The 

alimiinium was deposited onto a wet steel sheet; the coated sheet then 

being dried at 350°C for 1 minute in order to produce the required 

degree of substrate preoxidation before roll compacting. He reported 

the use of an annealing cycle at higher temperatures (500° to 600°C) 

but for a shorter time (15 seconds). The coating was found to be 

adherent without the formation of an alloy layer. Interfacial 

alloying does occur, however, with extensive heat treatment.

Bui lough (105) identified tliat substrate oxidation prior to annealing

improved the coating adlierence. In small areas where the coating did

fail, iron oxide remained adhered to the aluminium. Builough

postulated that during the heat treatment cycle, aluminium oxide was

formed and combined with iron oxide probably to form Hercynite

(Al^ Fe O^). Wien iron coated alumina samples were heated together

in air (119), haematite (Fe^O^) and hercynite (Al^ Fe O^) were found.

They were not found after a similar heat treatment in hydrogen. The

mixed spinel was found at annealing temperatures of 450°C, it being,
3+ 2-suggested that not only have Fe and 0 ions diffused, but also 

the Al^^ ions.

Bedford (120) heat treated aluminium coated steel strip, produced 

by the Elphal Process, in the temperature range 350° to 640°C for 

up to 640 hours and identified the phases formed. The occurrence 

of the theta phase, Al^Fe, was identified between 500° and G40°C 

and tlie eta phase, Al^ Fe^, after annealing at 576°C and above. The 

alpha solid solution phases, A1 Fe^ and A1 Fe, were not conclusively 

identified. Bedford speculated that unidentified diffraction lines 

may be due to the Al^ Fe to Al^ Fe and Al^ Fe^ transformations although 

tlie evidence presented was not strong. At no stage was the
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characteristic pallisade structure identified.

Any aluminium coating that is liable to experience temperatures of 

above about 450°C must be fused into place by reheating the component 

in a non oxidizing atmosphere to around 900°C. The substrate/coating 

interface is alloyed. Wemick (109) commented that when the alloy 

formation was due to a secondary heat treatment, the alloy layer 

was basically Al^Fe^. Andrews (102) observed that the presence of a 

substrate surface oxide layer interfered with the formation of the 

alloy layer. On prolonged heating, the alloy layer develops and 

totally consumes the aluminium coating.

In the three basic thermal spraying processes, the major differences 

are the differing levels of thermal and kinetic energy experienced by 

the spray particles. It is generally accepted that both the thermal 

and kinetic energies experienced by the particles in plasma spraying 

is greater than in flame but less than in arc spraying. It has been 

shown by several workers (78, 96, 121) that the level of adherence 

of aluminium coatings on steel tends to increase from flame through 

plasma to arc spraying. The adhesion of aluminium coatings applied 

particularly by flame and plasma spraying is often unpredictable.

Ihis is thought to be a property of the substrate/coating combination. 

Kreienbuehl (122) pointed out that the temperatures and kinetic energy 

of the molten alumi.nium particle produced by flame spraying are 

inadequate for good adhesion.

It has been reported that when flame spraying aluminium onto steel, 

no interfacial alloying occurs (102, 108); coating adherence was due 

to mechanical interlocking (99-104, 123, 124). Interfacial alloying 

does occur when the coating is fused (103, 104, 125), this process 

being commonly referred to as spray fusing or spray aluminizing,but 

the nature of the interfacial alloy formed is not discussed. Smith
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(67) reasoned that if mechanical keying were mainly responsible for 

the adherence of the aluminium flame sprayed coating, the reduction 

in adhesion due to surface contamination was surprising. He reported 

that the coating adhesion increased with substrate preheating up to 

300°C and that this could be totally accounted for by the reduction 

in the coating's residual stress.

Bardai (96) studied the effect of surface properties on the adhesion 

of flame and arc sprayed aluminium on mild steel as detailed in 

Chapter 1. He showed that the adherence of an aluminium coating 

was not necessarily directly related to the surface roughness but 

it was related to surface area factors. He further showed that the 

coating adherence was related to the substrate reflectivity and 

therefore cleanliness. Although Bardai was not able to determine 

the absolute substrate surface area, his qualitative determinations 

have shown that the adherence of an aluminium coating was determined 

not by the mechanical anchoring effects but by an effect of the 

substrate surface area.

Matting (126), when discussing general bonding theory, ascribes to 

mechanical bonding no more than a local minor contribution to the 

overall bonding. He attributes the adherence of flame sprayed 

aluminium on steel to secondary valence forces, particularly Van der 

Waals forces. He reports the combination of iron and aluminium to 

form informetallie compounds as being exothermic, but there is the 

further possibility of either the reduction of the iron oxides by 

aluminium or the formation of spinels (iron aluminates). The 

presence of oxygen should not appreciably disturb the interaction 

between iron and aluminium. Longo (88) pointed out that a very high 

substrate preheat resulted in metallurgical interaction and good 

adlierence. The bonding of aluminium to preheated steel was found
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to be excellent. However, in practice, it was not possible to prevent 

the substrate from oxidizing, the substrate oxide film preventing the 

formation of the metallurgical bond.

Veerling (60) identified by electron probe micro analysis the alloy 

layer formed during the plasma spraying of aluminium onto steel 'at 

sufficient heat input' as being the theta phase, Al^Fe. He did not 

expand on the statement 'at sufficient heat input' or give an 

indication as to the mass or thickness of the substrate. There is 

therefore no indication as to the thermal history of the substrate 

during the spraying sequence. Wagner (127) suggested that the 

superheated aluminium reduces the thin substrate oxides and forms 

point metallic bonds by micro-diffusion.

X \
Several workers have identified the occurrence of metallurgical 

bonding when arc spraying aluminium onto steel (121, 123, 126, 128,

129). Stanton (128) reported the interface to be of non-stoichioraetric 

composition. He pointed out that the occurrence of metallurgical 

bonding reduces the necessity for rigorous surface preparation due 

to the occurrence of a thermit reduction reaction to remove any 

substrate oxides. Havdra (123) reported interfacial alloying to 

occur locally. Giertsen (121) reported that under optimum conditions, 

a partial welding can be obtained between the substrate and the 

coating, this being due, in the case of aluminium onto steel, to 

large hot particles melting the grit blasted surface.

It is apparent from the literature that the occurrence of a metallurgical 

bond when aluminium is thermally sprayed onto steel is dependant on 

the heat input to the substrate and the spray particles. The alloy 

formed has been identified by one author (60) as being Al^Fe and by 

another (128) as being nonstoichiometric. It has been further 

suggested that when metallurgical bonding does not occur, the bonding
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is not directly dependant on the substrate topography.
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CHAPTER 3.

EXPERIMENTAL METHOD

Before commencing thermal spraying, it is recommended practice to 

preheat the grit blasted substrate. The preheat levels recommended 

and the extent to which the substrate is prepared are often arbitary. 

It is generally agreed that preheating ensures the dryness of the 

substrate but the effect of grit blasting as a method of preparing 

the surface is not clear. Grit blasting a surface has had three 

particular effects. It cleans the surface by removing gross 

contaminants, it roughens the surface and it increases the unit 

surface area. The contribution of these individuals effects to 

the adhesive bonding of a coating is not widely appreciated.

The aim of the current investigation has been to identify the role 

of the metallic substrate surface on the level of adhesion and the 

mechanism of adhesion of plasma sprayed metallic coatings. The 

criteria specifically investigated include the role of substraté 

oxide films, preheating and surface preparation on the mechanism 

of adhesion. The basis of the work considered the plasma spray 

coating of aluminium onto steel for three reasons; 1) this system is 

of practical importance 2) it has in practice tended to show 

unreliable and unpredictable levels of adhesion, and 

3) the necessary materials were readily available. However, as the 

work developed, the substrate/coating combinations were varied to 

test specific ideas.

Equipment

Plasma Spraying Unit

Plasma spraying was performed using a Hetco 3M system with a power
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limit of 40 KVA across a plasma formed of duplex combinations of 

argon, nitrogen, helium and hydrogen. The water cooled copper 

anodes, classed in relative terms as either high or low velocity 

nozzles depending on their bore, were self aligned with the 

thoriated tungsten cathode. Gas sheath arc stabilization was normally 

used although vortex stabilization v/as required when using argon/ 

helium arc gases. The powder was gravity fed from a vibrated hopper 

onto a rotating meter wheel. The powder feed rate v/as controlled by 

the revolution of the water wheel and the size of its 'metering' 

buckets. The powder was transported to the plasma by a carrier gas 

and fed through a nozzle external to the anode. An attachment was 

available so as to be able to spray fine powders (less than 

approximately SCjjun diameter) .
\ .

Ancillary Equipment 

Gun Movement

The plasma spray gun was mounted on a carriage, suspended from the 

roof of the spray booth, such that the spray axis was vertical 

(figures 3.1 and 3.2). The gun was manually positioned via a w .rm 

screw through a gear box. The spray range v/as adjusted by raising 

and lowering the level of the gun carriage.

Sample Movement

The sample traverse v/as by a pneumatic/hydraulic ram acting on a 

trolley. A schematic diagram of this control system is given in 

figure 3.3. The use of exhaust control flow regulators in the oil 

system allov/ed positive independent control of the traverse rate 

in both the forv/ard and reverse directions. The ram v/as capable 

of a 60cm stroke at speeds in excess of 10 cm s . During spraying, 

the substrate was held by gravity in a recessed asbestos base plate 

mounted on the trolley. The surface to be sprayed was horizontal.
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Preheating - '

Samples were preheated using two methods, either using towns gas and 

oxygen through a glass blowers burner or using a controlled atmosphere 

electric tube furnace. The furnace tube was in the horizontal axis. 

Substrate were rapidly preheated using the gas burner (4 to 5 minutes 

to temperature) but the substrate siurface was always oxidized.

Preheating using the tube furnace was very much slower but the 

temperature and atmosphere were readily controllable. The furnace 

atmospheres used were oxidizing (oxygen or water vapour in argon) 

neutral (argon) or reducing (hydrogen). The atnosphere could be readily 

varied during a run in order, for example, to raise the substrate to 

temperature before oxidizing for a specific length of time at temperature’. 

This second method of heating was more widely used due to the greater 

degree of control and its versatility. ^

Temperature Measurement and Recording

The substrate temperature was continuously monitored using chromel./ 

alumel thermocouples (wire diameter 0.3mm) through a 0°C cold junction.

The temperature was recorded using either a Servoscribe Potentiometric 

Pen Recorder or an SE Ultraviolet High Speed Recorder. Either instrument 

could be used to monitor the preheat cycle but only the high speed 

recorder was used to monitor temperature fluctuations during the 

spraying cycle.

Vacuum Evaporation

Vacuum evaporation of metallic elements onto copper substrates was

performed in a Nanotech Vacuum Evaporator using standard techniques

(130). The elements were resistance heated either in molybdenum
— 4boats or in tungsten helices at a residual gas pressure of 10 torr or 

better as measured between the diffusion pump and the chamber. Areas 

of the copper substrate not to be coated were protected with glass 

cover slips.
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Powder Sintering ^ -

Aluminium and magnetite powders were sintered together at high

temperatures in a neutral atmosphere. At temperatures in excess of

1000°C, a platinum wound horizontal tube furnace was used. At

temperatures up to 1000°C a vacuum furnace was used that achieved 
-210 torr or better (at the end of the furnace tube away from the pump). 

Recrystallized alumina boats wore used in both experiments.

Adhesive Bond Strength Testing

Adhesive bond strength testing was performed using the widely accepted 

Bonded Stud method. Severe restrictions were, however, imposed on the 

sample dimensions due to the limitations of the furnace preheating 

technique. The substrates (fig 3.4) were machined from mild steel 

(EN 32). The bonding medium (Redux 308) required curing under load

(approximately 4 Kg) at 170°C for 1 hour. A warm air oven was used

for this purpose. The tensile load was applied by a floor standing 

Instrom Tensile Tester

Materials

Powders

Tne metal powders used throughout were thoroughly sieved through a 

range of mesh sizes and a suitable particle size range selected for 

spraying. Unfortunately it was not possible to select the same size 

consistently. No gross powder contamination was detected by 

spectroscopic techniques, they were all of nominal purity. The 

particle sizes used are as follows :

Nickel, Tantalum <35[lm

Lead, Zinc, Magnesium <6!jlm
Copper <9C}.im

Aluminium, Iron, Chromium, Titanium 45-90}xra

Molybdenum 60-125|im
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Substrate Materials

When selecting substrate section sizes, two criteria were borne in 

mind, the availability of the material and its thermal response to 

the plasma. The use of a small mass of material resulted in violent 

temperature fluctuations during the spraying cycle which completely 

masked any preheat level that had been applied. A steel substrate 

2.5 X 1.2cm thick by .4cm long was found to be a convenient size and 

shape as it would hold the preheat level between the end of the 

preheat cycle and the start of the spraying cycle emd its temperature 

did not respond violently to the spraying cycle. The dimensions of 

the other substrates were based on those of steel wherever possible. 

Tlie materials used and the sample dimensions arc shown in Table 3.1.

The oxide substrates were prepared from dried oxide powders (MgO 

(pharmaceutical grade) and Fe^O^, CuO (produced from Cu^O), SnO emd 

NiO (BDH Analar Grades)). Before use,they were checked for the 

presence of free metal by powder camera x-ray diffraction. The 

magnetite powder was also used in sintering experiments in conjunction 

with the aluminium powder described earlier. The metals used to 

produce the vacuum evaporated layers were either BDH or Electron 

Microscopy Grades.

Substrate Preparation

The oxide pellet substrates were produced by cold pressing the dried 

powders in a 2.5cm diameter die using a load of 10^ Newtons. The 

discs produced were between 1 and 1.5cm thick. It was not possible 

to preheat these discs and they were sprayed cold.

Each of the metallic substrates was drilled to take a thermocouple. 

The hole, from the sample side, ran parallel to the surface to be 

sprayed at a depth of approximately 1mm below this surface. The hole 

was drilled halfway across the sample so as to centrally position
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the thermocouple head. -

A standard metallographic finish was applied to these substrates for 

three reasons; 1) to facilitate electron probe micro analysis as 

required, 2) to make x-ray interfacial analysis easier and 3) to 

reduce any mechanical coating adhesion effects to a minimum. The 

effect of this preparation was to make the position of the interface 

predictable and standard.

Mild steel, titanium, graphite and stainless steel were manually 

ground through 600 grade emery and then polished through l(.im diamond 

paste on a selvyt polishing cloth. Final polishing was on a selvyt 

loaded with teepol. The substrates were thoroughly cleaned between 

each stage using an ultrasonic bath. Copper and aluminium were 

m.etallographically polished from 600 grade emery through "Silvo" 

on a selvyt. Final polishing was on a selvyt loaded with teepol. 

Magnesium was ground through 600 grade emery and then metallographically 

polished in the same manner as gold, using ^p.m magnesia suspended in 

teepol on a selvyt polishing cloth. Final polishing was again on 

selvyt loaded with teepol. It was not possible to produce a standard 

metallographic finish on the nickel substrates as the foil was 

insufficiently flat. The surface undulations were of long wavelength 

(approximately 5mm) v;ith a maximum amplitude of approximately 1mm.

Tiis surface was manually ground through 600 grade emery to produce 

a relatively smooth but clean surface. All substrates were desiccated 

before use.

Immediately prior to the start of the preheating cycle, the final 

metallographic polish and ultrasonic cleaning was reapplied to each 

substrate. Wliere applicable, grit blasting was performed using 

alumina grit immediately followed by ultrasonic deeming and spraying 

except where the substrate v/as to be u;:ed for the determination of the
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adhesive bond strength when it was vapour degreased immediately before

Experimental Technique

The plasma spraying of substrates will be considered in three stages,

1) the preheating and oxidation cycle, 2) the spray coating cycle 

and 3) the cooling cycle. The distribution of equipment in the spray 

booth is shown in figures 3.1 and 3.2. The temperature recording 

equipment was remote from this area.

The Preheating and Oxidation Cycle

The gas burner v/as positioned in such a way that the flame impinged 

on both the substrate and the base plate. Preheat levels of up to 

800°C were possible. Tîiis preheating method resulted in continuous 

substrate oxidation and was only used on some steel and copper 

substrates.

Furnace preheating in a controlled atmosphere was available up to 

1000°C. The tube atmosphere was a continuous flow of oxygen, argon 

or hydrogen as required. The gases were dried in a silica gel 

column. Haematite and haematite plus magnetite films were grown in 

ox-ygen. Magnetite films were grown by bubbling the previously dried 

argon through deionized water, the water vapour acting as the 

oxidizing medium. In order to achieve reproduceable oxide 

thicknesses, substrates were taken to heat in a reducing atmosphere 

and then oxidized for a specific lengtli of time. Oxide thicknesses 

were estimated by reference to published data (131, 132) and cross 

correlated using the colour of the oxide interference film. Macroscopic 

oxides of thickness greater than 1.3|im were measured using a 

calibrated eye piece through a standard metallurgical microscope.
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Vïhen the preheat level was lower than the oxidation temperature the - ' 

samples were removed from the furnace hot zone after oxidation and 

slowly cooled in dried argon.

Spraying Cycle

A technique was developed such that as the preheating cycle was 

approaching completion, the gas torch was ignited for a short while 

to preheat the base plate and the arc was established. If necessary, 

the substrate was held in the tube furnace in an argon atmosphere 

until this stage was complete. On completion of the preheat cycle, 

the substrate was placed in the recessed base plate and the spray 

cycle commenced after first activating the powder feed unit and then 

the sample traverse unit. The time between the end of the preheat 

cycle (the time when the sample leaves the controlled atmosphere) and 

the start of the spray cycle was of the order of 3 or 4 seconds 

resulting in a temperature drop of between 30 and 50° from 800°C.

This temperature drop was compensated for by over heating to a 

corresponding amount. Spray coatings of between 0.6 and 0.8mm 

thickness were applied.

The plasma was normally established using nitrogen and hydrogen arc

gases through a low velocity nozzle at a spray range of 12cm. Detailed

spray parameters for the various metallic powders used are shown in
-1Table 3.2. A sample traverse rate of 4.5cm s was used throughout 

except when spraying the bond strength specimens where 10cm s was 

used to give the coatings a better surface finish. A track width of 

1cm between spray passes was used throughout as this v/as approximately 

half tlie spray cone width at that spray range and the maximum EPMA 

sample length was 1.2cm.
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Spray parameters were developed and tested in order to spray aluminium 

using inert arc gases. Itie reason for this was that some preliminary 

work showed that hydrogen could reduce copper oxides at 300°C.

Nitrogen and hydrogen arc gases were used at a later stage with no 

apparent change in the results pattern. This will be fully discussed 

at a later stage.

Cooling Cy'cle

All samples were air cooled in the recessed base plate.

Vacuum Evaporated Layers

Copper was chosen as the base material onto which the metallic

elements were evaporated. Copper was chosen because it was very

difficult to form an adherent aluminium coating on this material

wirhout preheating. Four elements were applied in strips along

the length of the polished copper block, cover slips being used as

masking. As it was required that the coating should be readily

removeable, the substrate was sprayed at ambient temperature. A

very thin aluminium coating (approximately 0 .1mm) was applied at a
“"1traverse speed of 10cm s in order to avoid heat build up.

Powder Sintering Experiments

Aluminium and magnetite powders were thoroughly mixed in the atomic 

ratio of 2:1 and either fired or sintered together at different 
temperatures. A portion of the mixture was placed, in a recrystallized 

alumina boat, in the hot zone of the vacuum furnace (held at 100°C).

The system was evacuated and flushed with dried argon (three times) 

and then raised to temperature (700° or 900°C in 1 hour to be held 

at temperature for 5 hours). The sintered powders were furnace cooled 

in approximately lO hours. The furnace was continuously flushed with 

dried argon. Further samples of the powder mixture were fired 

together at 1050° and 1250°C for 5 minutes in dried argon in order to
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identify the minimum temperature at which the classical thermit 

reaction occurred. The samples were removed from the furnace hot 

zone and cooled in argon.

Coating Adliesion

The quality of adhesion of coatings was determined whilst preparing 

the sprayed sample for metallographic examination. Three levels were 

used, non-adherent, of low adhesion and adherent. It was normally 

possible to classify a non-adlierent coating immediately after 

spraying but the boundaries of the classifications were as follows.

The sprayed sample was mounted in cold setting perspex resin in order 

to protect and support the coating during sectioning. If the coated 

sample failed before sectioning, it was classed as non-adherent. If 

it failed during sectioning, the coating was classed as being of low 

adhesion and if the coated sample remained intact throughout the 

sectioning procedure, it was classed as adherent. During sectioning, 

no tensile load was applied to the coating to prise it away from the 

substrate. These criteria have been used throughout the text except 

where stated.

The substrate surfaces to be sprayed in order to determine the adhesive

bond strength were prepared either by micro-polishing or by grit

blasting. This prepared surface was vapour degreased using inhibited

trichloro ethylene immediately before the start of the preheat/

oxidation cycle. Samples were sprayed without oxidation, with magnetite
o

and with haematite films (approximately 70 A thick) and after

passivation in concentrated nitric acid. Preheat levels of up to

220°C v.’ere used. The samples were sprayed using nitrogen and hydrogen

arc gases through a low velocity nozzle (Table 3.2) at a sample
-1traverse rate of lOcm s . The coating thickness was approximately 

0.5mm. Before bonding to the blank, the sprayed sample was vapour 

degreased. Some coated samples were sealed in a saturated solution
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of Na^SO^ with NaOH to pll 10.5 (70) for 17 hours. There was no 

detectable effect on the coatings adhesion. Between stages, samples 

were stored in a desiccator.

After bonding with Redux 303, a tensile load was applied at a cross
-1head speed of 0 .01cm min , corresponding to a loading rate of
-1approximately 300 Kg min . After fracture, the position of the 

coating failure was observed either by naked eye or using a binocular 

microscope.

Analytical Techniques

The four basic analytical techniques used were 1) visual examination,

2) optical examination (Stereo optic and metallographic), 3) electron

optical examination (Scanning Electron Microscopy and Electron Probe 

Micro Analysis) and 4) Diffraction Examination (Powder Camera X-Ray 

Diffraction).

Visual and stereo optical techniques were principally used for the 

low magnification examination of sprayed emd coating surfaces. Oxide 

thicknesses by interference films were checked by visual examination.

St ail dard metallographic techniques were principally used to examine 

the sprayed interface. Most observations were taken using normal 

sections although results will also be reported from taper sections.

V.Tien preparing aluminium coated steel sections, it was found that the 

interface became badly bevelled during polishing. A technique was 

developed to produce planar surfaces for optical and electron optical 

examination, ihe sprayed substrate was mounted in cold setting 

perspex resin and sectioned as required. This section was then 

remounted inside a carburized steel ring using perspex resin. This
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mounted sample was ground through 600 grade emery either in the 

direction of the interface or compressing the coating onto the substrate. 

Having been thoroughly rinsed and dried, the sample v;as automatically 

polished through 6jjjtn, using diamond paste on a Hyprocel paper pad, 

followed by a light manual polish through ]p.m on a selvyt loaded with 

diamond paste. Bevelling effects were minimised using this technique.

Electron optical techniques were used principally for the detailed 

examination of coatings and interfaces. It v/as not necessary to coat 

the samples for electrical conductivity purposes. VJhen performing 

micro analysis, electron beam voltage and specimen current v?ere 

adjusted to suit the individual sample. The voltage was typically 

15 or 20 KV with a specimen current of approximately 40 Nano amps. 

Analytical results were corrected using three models. The original 

model, after Philibert (133) required extensive computation in order 

to arrive at a corrected analysis. The Heinrich Model (134) was 

an on-line correction model but access was very limited. The Cox 

Model (135) was a readily available computed model. All three models 

were found to be equivalent. Specimen, Standard and Atomic Number 

corrections were applied. The microprobe analyser was used not 

only for spot analysis but also to determine elemented distribution. 

Three methods were available, x-ray and electron imaging to identify 

the elemented distribution across an area, line scans to identify 

the existence of an element across a line and Interfacial Profiles 

to give detailed information of the elemented distribution at, for 

example, a substrate^coating interface. Each of these techniques 

requires that the spectrometers be tuned to the x-ray emission of the 

relevant element before the search commences and is therefore not 

quantatative. For Spot Analysis, the electron beam is positioned on 

the relevant area and the spectrometer then tuned through the 

wavelengths of anticipated emission in order to determine the level 

of peak emission corresponding to the characteristic wavelength of
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the element. Two spectrometers were available.

X-ray analysis was used principally in terms of phase identification.

Powder camera techniques, rather than diffractometer techniques, were

used because of the small quantities of material available for analysis.

Samples were obtained using three techniques. Scrapings were taken

through the thickness of the coating with analysis at each stage.

The aluminium coating was dissolved in dilute sodium hydroxide solution

(120) and scrapings were taken from the exposed iron surface. The

third technique involved the mechanical rupture of the coated sample

with analyses taken from the substrates and coatings exposed surfaces.

Cobalt radiation was used with exposures of greater than 8 hours.
The films were interpreted using either a calibrated ruler or a vernier

measuring scale, the latter being the more accurate. Visual
\

estimates of line intensities were based on strong, medium and weak. 

Analyses obtained were compared to data in the ASTM Powder Diffraction 

File.
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CtlAPTER 4.

THE RESULTS OF EXPERIMENTATION

4.1. Aluminium Coatings on Steel '

IiTimcdiately before spraying with aluminium, mild steel substrates,

whose surfaces had been polished with lym diamond paste, were

preheated in air to levels at 200°C intervals between ambient and

800°C. Observations made concerning the typical thickness of the

oxide produced on the substrate during preheating and the quality

of adhesion between the coating and the substrate are shown in

Table 4.1. Interfacial alloy formation was found to occur
.

particularly at preheat levels above 600°C and up to 650°C although 

some alloy formation was observed as low as 550°C. The alloy phase 

was identified by powder camera x-ray diffraction as being the 

Eta (T] ) iron aluminide, Al^Fe^. The analysis of an experimental 

diffraction pattern compared to the standard pattern (136) is shown 

in Table 4.2. The relative line intensities are visual estimates 

classified as Strong, Medium and Weak.

Electron Probe Micro Analysis (EPMA) was taken in the alloyed areas

in order to confirm the identity of this phase. The distribution

of analytical results was found to be Gaussian around a mean of

42.32 weight per cent iron; the standard deviation was 2.45. No

oxygen was detected in the alloy layer. The composition was identified

as corresponding to the duplex phase field, A1 Fe„ + A1 Fe as5 2 o /
indicated in the equilibrium phase diagram (137).

The elemental distribution in the region of the sprayed interface 

was determined using EPMJ\ on sections taken normal to the sprayed
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surface. The elemented distribution across the intermetallic 

particle shown in the electron micrograph is given in figure 4.1.

The coating had been mechanically separated from the substrate.

It was found that along the analysis path aa', the intermetallic 

particle had an essentially constant iron/aluminium ratio. No 

oxygen was found within the intermetallic, the counts shown being 

the background level. Within the coating, local oxygen and iron 

concentrations were found, the iron/aluminium ratio being no longer 

constant.

It is apparent from the micrograph in figure 4.1. that impurities 

are present within the aluminium coating. It could also be seen 

from a line scan similar to that shown in figure 4.1., that a 

reduction in the level of aluminium was associated with an increase 

in iron and oxygen (figure 4.2.). Further examination, however,

(figure 4.3.) showed this to be not necessarily the case. Iron, 

oxygen and aluminium variations do not necessarily correlate. The 

nature of the phases was more closely examined. The electron image 

of coating impurity particles is shovm in figure 4.4(a). X-ray 

images of this area showed the large diagonal particle to contain 

iron and oxygen but no aluminium. The aluminium matrix was found 

to contain trace oxygen whilst the smaller particles were found to 

contain aluminium and iron. As it was found difficult to positively 

identify low concentrations of oxygen with x-ray imaging, spot emalysis 

showed the presence of oxygen in both the aluminium matrix and the 

small particles. It must be remembered however that the electron 

beam may be large relative to the dimensions of these small impurity 

particles, particularly their thickness, and it is therefore possible 

that this analysis will be influenced by the surrounding matrix.

Coating impurity phases were identified particularly when the interface
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was found to be alloyed.

Detail of the elemental distribution across the iron/iron oxide/ 

aluminium interfaces is shown in figure 4.2. It was found that 

the elemented distribution across the iron/iron oxide interface 

did not indicate a distinct interface. Subsequent examination 

showed this interface not to be coherant. The apparent width of the • 

iron oxide/aluminium interface v;as found to be 6yra.

Mild steel samples were preheated in an electric tube furnace using 

an argon atmosphere in order to more closely control the thickness 

of the substrate oxide film formed during preheating. Controlled 

oxidation, where applicable, was by the entrainment of oxygen into 

the argon atmosphere. The results of spraying onto these substrates 

at preheat levels comparable to those shown in table 4.1. are shown 

in table 4.3. The results concerning adhesion and phases formed 

in essence confirm the findings given in the earlier table with the 

exception of the sample preheated to 80O°C. In this case the coating 

was found to be adherent. It was found by metallography that 

extensive interfacial alloying had occurred, the alloy having a 

characteristic pallisade structure (109). Remaining substrate oxide 

was found to be less than 3.Ohm thick compared to up to 20vim when 

the substrate was preheated in air.

Further examination of the results in tables 4.1. and 4.3. show 

a correlation between coating adtiesion and the occurrence of the 

iron aluminide interfacial alloy. When extensive alloying occurred 

the coating was found to be adherent; when no alloy was formed, the 

coating was non adherent. This correlation may be further demonstrated 

by the samples coated after preheating to 80O°C. The adhesion of
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the coating was increased from 'non adlierent’ to'adhered'by extensive 

alloy formation wheii the substrate oxide was thin.

One further point to be drawn from these results relates to the 

phases detected by powder cajnera X-ray diffraction. As previously 

noted, tlie intermetallic phase was always identified as the Eta iron 

aluminide, Al^Fe^. Diffraction failed to detect this phase on 

occasions even tliough its presence could be detected metallographically. 

This is a short coming of the examination technique. Patterns of 

this type were obtained by successive scrapings through the aluminium 

coating into the substrate, several diffraction patterns being taken 

at different scraping depths. Because this technique involves only 

small areas of the sprayed surface, it would be possible to miss a 

thin or local iron aluminide interfacial layer. Furthermore, it is 

not inconceivable that tiie iron aluminide could be swamped particularly 

with aluminium. It was found to be possible to remove the aluminium 

coating using a dilute caustic etch without any discernable effect 

to the iron aluminide attached to the steel (120). Earlier samples 

were not reanalysed using this technique in preference to the 

scraping technique as, by metallographic examination, the alloy had 

always shovm the characteristic pallisade structure as seen in Fig.

4. 5.

The location of coating failure was closely studied on samples found 

to have either lov/ or non adherent coatings. WTien samples were sprayed 

in such a manner that no interfacial alloy was formed, the failure 

interface was found to be along the iron/iron oxide interface (Fig. 

4.6.). The aluminium, oxygen and iron x-ray images corresponding to 

the electron image shov/ that a coherent iron oxide layer remained 

attached to the aluminium coating. Tliis obsen/ation confirms that
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shown in Figure 4.2. It v/as further apparent that the coating's 

oxygen content was very low.

An austenitic stainless steel substrate was oxidized at 5C0°C in 

steam for 30 minutes to produce a magnetite/Cr^O^ film. The substrate 

was cooled to 200°C in argon before spray coating with aluminium.

Tlie coating on this oxidized stainless steel v/as classed as adhered; 

no interfacial alloy was formed.

Examination of the micrograph in figure 4.1. and examination of 

figure 4.5. shows the intermetallic particle to be protruding through 

the substrate oxide film. Close examination of a similar particle 

was possible by mechanically separating a coating of low adhesion 

from its substrate and then using electron and x-ray images to 

examine the exposed surfaces of the coating and the substrate. When 

examining the exposed coating surface, it was found (Fig. 4.7.) that 

the iron aluminide particle, in the centre of the electron image, 

was surrounded by a coherent iron oxide layer. No aluminium was 

detected within tlvis oxide layer and no oxygen v/as detected in the 

intermetallic particle. A similar examination of a corresponding 

position on the exposed steel surface. Figure 4.8, showed the 

absence of oxygen across the surface. Aluminium was detected on the 

steel surface in the area where the intermetallic particle had been 

in contact with the steel surface, the area of contact was concave. 

Coating failure had been along a combination of the iron/iron oxide 

interface and the iron/iron aluminide interface. Little or no iron 

oxide was retained on the substrata surface and the iron oxide v/as 

always found adhered to the aluminium coating.
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Wien metal spraying, it is normal practice to prepare the substrate 

surface by grit blasting. Wien spraying aluminium onto lightly oxidized 

grit blasted steel (Table 4.4.), low coating adliesion was found at a 

preheat level of 70°C. Intcrfacial alloying occurred when the substrate 

was preheated to around 600°C as had been found previously.

V/hen considering unoxidized grit blasted substrates, a change in tlie 

pattern of adhesion was immediately apparent. After preheating to 

625°C in argon and hydrogen followed imrediately by spraying, the 

coating was found to be adîierent and the substrate/coating interface 

was extensively alloyed (Table 4.5.). Preheating to 425°C resulted 

in an adherent coating with no alloy formation, hhen samples were 

sprayed at a preheat level of 85°C, the coating was found to be adherent. 

Vhen no preheat was applied to the grit blasted substrate, the coating 

was found to be of low adliesion.

Unoxidized nu.cropolished steel substrates were sprayed at various 

preheat levels between ambient and 200°C. After preheating to 20O°C 

in a reducing atmosphere in order to maintain the substrate oxide 

at a minimum thickness, the coating was found to be adherent (Table 

4.6) . No interfacial alloy was detected as may be predicted from 

the preceeding v/ork. As the preheat level was reduced, the quality 

of adhesion was significantly effected such that at a preheat level 

of 1CX)°C and below, the coating did not adhere to the polished steel 

substrate.
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4.2. Tlie Interaction between Aluminium and Metal Oxides

Considering the importance of substrate surface oxide films on the 

adhesion of an aluminium coating, it was decided to examine more 

closely the interaction between aluminium and metal oxides.

Aluminium was plaisma sprayed onto cold pressed oxide pellets of 

magnesium (MgO), iron , copper (CuO), tin (SnO) and nickel

(NiO). After spraying at ambient substrate temperatures, the coatings 

were found to be adherent to all the oxide substrates witli tlie 

exception of magnesium o:cide (Table 4.7.). It was observed that an 

aluminium coating did not form readily on the cupric oxide. Powder 

camera x-ray diffraction analysis by repeated sampling of the sprayed 

Scuiiple gave no evidence of interaction between the substrate and the 

coating.

In order to gain a deeper understanding of the possible interactions 

between the substrate oxide cuid the sprayed aluminium layer, powdered 

mixtures of iron oxide :ind alumi.nium were sintered together at 

various temperatures and the products analysed by powder camera x-ray 

diffraction. It was evident from earlier results that no extensive 

interaction occurred between the iron oxide and the aluminium. The 

first stage was therefore to identify the conditions under which 

an extensive classical thermit reduction reaction occurred.

It was found by firing a 2:1 molecular mixture of aluminium and 

magnetite in an argon atmosphere tnat at 1050°C, a classical reduction 

reaction did not occur but unidentifiable diffraction lines were 

found. V/hen a similar mixture was fired at 1250°C, the products 

were found to be iron, alumina and hercynite (FeAl^O^). Several
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diffraction lines again remained unidentified. Tlie alumina found 

was the alpha phase, corundum, tliis being confirmed by repeating the 

experiment after substituting cupric oxide (CuO) for the magnetite.

Using a taper section of approximately 70° with a resultant 

magnification of approximately x3, optical and SEM observations we re 

made of the iron oxide/aluminium interface formed by spraying 

aluminium onto preoxidised steel. Substrate oxide films were found 

to have a texture reflecting the substrates surface finish, however, 

after spraying with aluminium, the interface between the oxide and 

the aluminium was not sharply defined, (Fig. 4.9). There appeared 

to be a duplex pheise structure between the two components but it was 

not possible to identify interfacial phases. A fracture section was 

taken of aluminium sprayed onto a cold pressed magnetite pellet and 

the interface was examined using SEM. At all positions within the 

bulk of tlie pellet, the granular nature of the powder component was 

clearly evident; at the interface however, the distinct sharp 

granular nature was no longer in evidence (Figure 4.10), Ihe surface 

of the granules was found to be distinctly smoothed and rounded 

suggesting some interaction between the iron oxide and the aluminium.

To determine the nature of tiiis interaction, varying proportions of 

aluminium and magnetite were sintered together and the product 

examined by powder camera x-ray diffraction.

After vacuum sintering aluminium and magnetite together in the 

molecular properties of 2:1 at 700°C, it was found that the starting 

materials predominated although two diffraction lines remained 

unidentified (Table 4.8). After sintering at 90O°C, however, the 

thetn (0) iron aluminide, Al^Fe, was identified with the probable
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identification of Al^O^, Al^FeO^ and some evidence of traces of 

magnetite (Table 4.9).

In order to simplify the identification of the unknown components 

from the sample produced at 900°C, the iron aluminide was removed 

from the sintered product using three different te cliniques :

1) dissolution in 50% HCl, 2) dissolution in 10% NaOH and 3) 

dissolution in a saturated solution of iodene in methanol. Ihe 

rinsed and dried precipitates from these preparations were examined 

by x-ray diffraction but the components could not be further 

identified.

4.3. Aluminium Coatings on Copper

Copper was chosen as the metallic substrate with which to compare 

the results obtained from steel substrates. Experimentation was 

therefore essentially the same altliough the analysis was restricted 

to polished substrates.

Preliminary work involving copper oxide powder (CuO) showed that it 

was possible to affect a reduction of this oxide to the parent metal 

at 300°C in 5% hydrogen in argon (by volume). Except where specifically 

stated, aluminium was therefore sprayed onto copper substrates using 

argon and helium arc gases.

Polished copper substrates, oxidised immediately prior to spraying,
ov/ere plasma sprayed with aluminium at preheat levels up to 800 C. 

Observations were made as to the substrate oxide thickness, the 

occurrence of interfacial alloying and the variation of adhesion with 

preheat level (Table 4.10). It was found that extensive interfacial
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alloying only occurred at a preheat lev-el of 60Q°C. If, however, 

the oxide film, was thin, as produced by preheating in a reducing 

atmosphere, extensive interfacial alloying also occurred at 800°C. 

In the presence of a preformed substrate oxide film, adhesion was 

associated witii the occurrence of interfacial alloying.

Powder camera x-ray diffraction was performed in order to identify 

the interfacial alloy that was formed. Three phases, aluminium, 

copper and 0 Al^Cu, were identified (Table 4.11). After etching tlie 

normal metallographically polished section, the intcrfacial alloy 

was found to be a duplex layer (Fig. 4.11a). By x-ray imaging

(Fig. 4.11.) it was observed that the aluminium coating contained
\

copper and a trace level of oxygen. It was further observed from 

the x-ray images that the alurainium and copper concentrations vary 

within the coating. Ihe particle to tlie right of centre of the 

electron image (Fig. 4.10a) was identified as being substrate oxide.

It was found to contain not only copper but also significant levels 

of aluminium.

EPMA profile analysis across the alloyed interface (Figure 4.12) 

confirmed the duplex nature of the intcrfacial alloy zone. Hie alloy 

zones were numbered ' 1 ' emd '2' (moving from the substrate to the 

coating). Hie copper/aluminium ratio v/as found not to be constant 

witliin these two zones v/hereas the ratio in the coating, over the 

first Byra, v/as constant. No oxygen v/as detected within the interfacial 

alloy layer. Spot analysis identified the phases as containing

1) 81.6, 2) 72.5 and the coating 52.5 weight percent copper; these

phases correspond closely to the intermetallic phases (AlCu^),

(AlCu) and 0 (Al^Cu) respectively as found in the relevant phase 

diagram (137) . The coating analysis v/as confirmed at several positions

85



throughout the coating depth. Further diffraction analysis v/as 

carried out to confirm this result, the diffraction pattern on this 

occasion being taken only of the coating material. It was found 

that, with the exclusion of copper, the pattern obtained was the 

same as that previously obtained (comparing Tables 4.11. and 4.12). 

Although several lines remained unexplained, both patterns 

corresponded closely to a standard Al^Cu pattern (138).

Further examination of the normal micrograph showed that the substrate/

coating interface had receeded distances of the order of 30pm into

the copper substrate, the original copper surface being marked in

one or two positions by copper oxide. This observation therefore
\

accounts for the large copper concentrations within the coating.

Identification of the failure interface shov/ed that the coating 

failed along the copper/copper oxide interface. It was observed that 

the copper oxide film was badly cracked.

The adhesion of aluminium coatings onto non oxidised polished copper 

substrate was found to be related to the substrate preheat level 

(Table 4.13). It v/as found that coatings sprayed onto substrates 

preheated to 150°C and below v/ere both difficult to form and non 

adherent. The coatings formed on substrates preheated to 200° and 

250°C were found to form as normal. The coatings v/ere found to be 

basically adherent although it was apparent that they were not as 

adlierent as, for example, the coatings of aluminium on steel produced 

under similar circumstances. This v/ork v/as repeated using nitrogen 

and hydrogen as the plasma forming gases v/ith no observed changes 

in the results.
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4.4. Aluminium Coatings on Gold

Aluminium v/as plasma sprayed onto polished electrodeposited gold 

substrates that had been preheated in argon up to 660°C. When 

preheated to 660°C immediately prior to spraying, extensive intcr

facial alloying occurred completely consuming the gold layer. The 

coating v/as found to be adherent (Table 4.14) . Wlien preheated to 

425°c, aluminium was detected v/ithin tlie gold layer and the coating 

v/as found to be adherent. At 200°C, no interfacial alloy was 

apparent by optical metallographic techniques and the coating was 

found to be non adherent. Coatings were found to form readily at 

all preheat levels.

Examination of the gold surface that had been sprayed at 200°c showed 

it to have been damaged and covered in black spots. A detailed 

examination of this surface by means of electron and x-ray images 

(Figure 4.13.) shov/ed that the damaged areas arc essentially circular. 

The surrounding areas v/ere found to be basically undamaged. X-ray 

imaging showed some aluminium to have been picked up across the total 

area examined but this element v/as particularly in evidence within 

the damaged areas. The gold concentration was fairly uniform 

throughout the field of view. Each damaged area v/as found to have 

a concave periphery and a core with a sponge like structure. 

Examination of the corresponding surface of the aluminium coating 

(Figure 4.14.) shov/ed two distinct regions, the core of the sprayed 

particle surrounded by a spatter zone. The core region shov/ed two 

further areas, a solid convex periphery and a central area with an 

open spongey structure. Aluminium was in evidence across the whole 

structure but it was distinctly depleted in the area of the core.

Gold v/as also in evidence only in the core area.
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Close examination of the gold sample sprayed at 425°C (Figure 4.15.) 

showed that no gold was detectable within the aluminium coating. 

Aluminium, however, was detectable throughout the depth of the gold 

layer (the sample had been polished on Magnesia). A change in shade 

was detectable throughout the depth of this layer suggesting a two 

phase structure. The elemented profile (Figure 4.16.) showed the 

interface to have a width of between 6 and 8ym; there was some 

suggestion of a diffusion gradient through the depth of the electro

plated layer. The aluminium content of this layer was approximately 

16% by weight.

X-ray imaging of the gold sample preheated to 660°C (Fig. 4.17.) 

revealed two distinct phases at the substrate/coating interface, both 

a gold and an iron aluminide. The gold layer had been totally 

consumed in the formation of its aluminide. The third element was 

not detected in either of the intermetallic compounds but iron was 

found in the aluainium coating. Spot analysis of the interfacial 

iron aluiainides showed them to have an analysis corresponding to the 

eta phase, Al^Fe^. The gold aluminide was found to contain 76.94 

and 23.19 weight percent gold and aluminium respectively which closely 

corresponds to the stoichiomctric composition Al^Au. The sample 

interface was found to be totally alloyed.



4.5. Aluminium Coatings on Graphite

Aluminium was sprayed onto polish.ed graphite substrates preheated 

in a neutral atmosphere at temperatures up to 600°C (Table 4.15). 

The coating was found to be adlierent after substrate preheating 

to levels greater than 400°C. At a preheat level of 215°C, the 

coating was found to be non adherent. A detailed examination of 

the sprayed interface was not possible because of the difficulty 

in obtaining a suitably flat metallographic sample due to the large 

differences in the respective hardnesses of aluminium and graphite.

4.6. Aluminium Coatings on Vacuum Evaporated Layers \

Vacuum evaporated layers of antimony, bismuth, copper, gold, iron, 

magnesium, manganese and silver on polished copper substrates were 

plasma sprayed with a thin aluminium coating using a single spray 

pass. The coating was found to be readily removeable from the 

substrate for examination of the exposed aluminium surface using 

EPMA line scans for the relevant element. It was found that each 

element was detected on the exposed aluminium surface with the 

exception of gold (Table 4.16) . Each element was still visually 

present on the copper surface. The result from the magnesium layer 

must be accepted with reservation as great difficulty was experienced 

iai producing a satisfactory vacuum evaporated magnesium layer. Tlie 

film produced was black, woolly and of low adhesion.
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4.7. Selected Metallic Coatings on Metallic Substrates

The results in tliis section v/ill be reported in two stages, firstly 

the plasma spraying of aluminium onto various metallic substrates 

which had been preheated to 200°C in a reducing atmosphere and, 

secondly, the plasma spraying of various metallic elements onto 

metallic substrates which had been similarly preheated to 200°C in 

ct reducing atmosphere.

Aluminium was sprayed onto polished metallic substrates whose oxides 

have standard free energies of formation greater than and less than 

that of aluminium oxide (i.e. less stable and more stable respectively). 

Table 4.17 shows the free energies of formation of the oxides of 

the coating relative to that of the substrate and relates this value 

to the quality of adhesion of the aluminium coating. The substrates 

were electrically preheated to 200°C in a reducing atmosphere. It 

can be seen from Table 4.17. that after preheating the substrate to 

200°C immediately prior to spraying, adherent coatings were formed 

on all the substrates with the exception of gold, aluminium and 

magnesium. An adequate coating was formed on all the substrates with 

the exception of copper as detailed in section 4.3. Standard 

metallographic examination of the sprayed substrate showed a distinct 

interface between the substrate and the aluminium coating. Mb

intermediate phases were apparent.

Evidence has been presented concerning the damage to gold surfaces 

by impinging aluminium spray particles (Figures 4.15. and 4.13).

If surface damage of this nature were graded into four categories, 

extensively damaged, damaged, lightly damaged and not damaged, damage 

to the extent shown clearly in Figure 4.13 would be classed as 

'damaged'. Binocular microscope examination of aluminium and
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omagnésium substrates preheated to 200 C In a reducing atmosphere 

showed only very light damage. Examination of steel surfaces 

similarly preheated but only to lOO° and 150°C showed tlie surface 

to have been very lightly damaged. The remaining substrates 

(Cu, Ni, Fe and Ti), all preheated to 200°C and examined by 

standard optical metallography showed there to be no apparent surface 

damage (Table 4.18).

Various metallic powders were sprayed onto metallic substrates 

in order to determine the factors governing the mechanism of 

adhesion of aluminium spray coatings. The results of these 

observations for substrates preheated to 200°C in a reducing 

atmosphere are shown in Tables 4.19, 4.20 and 4.21.

A general observation concerning the adhesion of the coatings to 

the substrates (Table 4.19.) was that when determining the quality 

of adliesion of the coating by the criteria used for aluminium 

coatings, the result was not always as evident as experienced with 

aluminium coatings. For example, when spraying iron onto aluminium, 

the coating was found to be obviously non adherent. However, when 

this experiment was repeated at a later stage using the same spray 

parameters but powder from a different source (sieved to the same 

particle size range) the coating was found to have low adhesion. 

Repetition of other results, for example, iron on copper and lead 

on gold, with powder from the same supplier gave consistent 

results.

It was further apparent from table 4.19 that difficulty in 

forming an adequate coating was often experienced when spraying onto 

a copper substrate but no difficulty was experienced when spraying
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copper powder. Difficulty was also experienced with several other 

substrates/coating combinations, gold substrates being noticeable 

amongst these.

From the binocular and standard metallographic observations 

concerning interfacial alloying (Table 4.20.) no distinct trend 

is apparent with the possible exceptions of gold as a substrate and 

lead as a coating. When considering gold substrates, interfacial 

alloying has either been identified or thought to be present with 

all coating materials with the exception of chromium. Alloying 

was identified even when the coating was found to be difficult to 

form (witli tantalum) . On occasions where the coating has been 

found to be non adherent but alloy has been identified at tlie 

interface, tlie observations were made by binocular microscopy on 

the exposed surfaces from the fractured substrate/coating interface. 

It was required that element transfer had clearly taken place (for 

example Ta on Au and Zn on Au).

With lead coatings, it v/as observed that an alloy was formed when 

spraying onto magnesium and gold and there was evidence of 'alloying' 

when considering aluminium, iron and copper substrates. Under 

equilibrium conditions, lead is immiscible with aluiainium, iron and 

copper (137) therefore the term 'alloying' in this context must be 

interpreted as a mixture.

Examination of the sprayed substrate surface by lov/ pov/ered 

binocular microscopy after the coating had spalled, revealed that 

this surface had been damaged during tlie spraying procedure (Table

4.21). The damage due to the impacting spray particles ranged in 

intensity from extensive to no apparent damage. Examination of
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the coated samples by normal optical metallographic techniques also 

showed evidence of surface damage due to the impacting particles.

Two trends are particularly apparent in Table 4.21, the results 

concerning gold substrates and those concerning lead coatings. The 

gold surface was always noted as being at least 'damaged' by the 

spray particles even when the coating did not form readily. The 

surfaces sprayed with lead were generally found to be extensively 

damaged, almost as if the polished surface had been grit blasted.

A o  m K  7\Adhesion of Aliminium Coatings to Steel

As it was observed that in the absence of interfacial alloy 

formation, the adhesion of aluminium spray coatings was dependant 

on the adherence between the substrate and its oxide, the effect 

of controlled substrate surface oxidation was further investigated. 

The three basic oxidation treatments applied to the micropolished 

steel substrates were 1) wet oxidation, 2) the growth of 

magnetite films and 3) tlie growth of haematite films.

The wet oxidation of steel was by passivation in concentrated nitric 

acid. Tnree subsequent treatments were given. In the first 

instance, the samples were sprayed in the 'as passivated' state. 

Although the sample was macroscopically dry, having been copiously 

rinsed in distilled water and then acetone, the coating was found 

to be non adherent. (Table 4.22). It was found to be very difficult 

to form an adequate coating on a substrate treated in this manner; 

the coating spalled and buckled even during spraying. V/hen a 

similarly prepared sample was preheated to 120°C in dried argon, thus
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ensuring the dryness of the substrate, the coating was again found 

to be non adlrerent altlrough the coating did form readily. Even 

when tire oxide film was dehydrated at 200°C in dried argon (139) , 

aluminium coatings of minimal a dir es ion were formed.

Having grown oxide films of haematite and magnetite on steel before 

spray coating with aluminium at a preheat level of 220°C, it was 

found tirat for both oxide films the adiresion was minimal (Table

4.22) .

Ihe adhesion of aluminium coatings to unoxidized steel was

determined. Micropolished samples were prepared and sprayed at

two preheat levels, ambient and 220°C (Table 4.22). On samples

sprayed at ambient temperatures the coating adhesion was totally

inadequate whereas after preheating to 220°C in a reducing

atmosphere, the coating adhesion was measured at between 100 and 
- 2400 kgf cm . Vihen the substrate was prepared by grit blasting,

the adhesion at a preheat level of 220°C was similar to that found

on a polished surface at that temperature. The adhesion of the

aluminium to the grit blasted steel at ambient temperature was
- 2betv/een zero and 150 kgf cm

In all cases where adliesion was observed, failure was observed to 

be mixed adhesive and cohesive.
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CHAPTER 5.

DISCUSSION OF RESULTS

In the absence of elaborate precautions, the surface of any clean 

engineering metal is covered with a very thin oxide layer. The 

effect of this oxide layer on coating adhesion 1) when this 

substrate oxide film has been specifically thickened by controlled 

oxidation and 2) where this oxide film as been maintained at its 

minimum thickness has been studied. The data presented in Chapter 

4 will be discussed in relation to these conditions and then 

brought together in a third section discussing the effects of 

substrate preparation on coating adhesion.

5.1. The Adhesion of Aluminium Coatings on Oxidized Metallic Substrates

When spraying aluminium onto oxidized polished steel substrates, 

the coating was found to be adherent only in the presence of 

interfacial alloying which occurred particularly around 600°C 

(Table 4.1). If, however, the substrate oxide was very thin, 

alloy formation was also identified at temperatures in excess of 

60O°C (Table 4.3). The minimum temperature for metallurgical 

interaction between iron and aluminium has however been identified 

as 480°C (109) or at temperatures between 300° and 400°C if the 

steel has been extensively work hardened (109, 140). Whore 

alloying has occurred between the plasma sprayed aluminium and 

the steel substrate, the interfacial alloy was found to straddle 

the original interface (Figure 4.5). The substrate oxide layer 

has otherwise been retained between the substrate and the coating 

metals as a barrier layer (Figures 4.5, 4.6). Where alloying 

has occurred locally, the interfacial oxide layer was found to
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have curled into the almiiniuin coating (Figure 4.5). Lamella 

particles cf iron oxide were found in the coating (Figure 4.4) 

particularly when interfacial alloying occurred.

Below 570°C, magnetite (Fe^O^) and haematite are chemically

stable. The relative proportions of the two oxides is dependent on 

the oxidizing conditions and the overall thickness of the oxide 

layer (131) . These oxides are brittle and of low adherence to the 

parent phase (141, 142) . Above 570°C, v/ustite is formed from 

magnetite according to the reaction,

Fe.O_ + Fe ----> 4 FeO3 4

with a volume increase of 4%. Above this, temperature the oxide
\

film normally consists of the three oxides, wustite, magnetite and 

haematite, in the thickness ratios of lOO : 5 ; 1 respectively. 

Wastite, in relation to magnetite and haematite, has been found to 

be plastic and adherent to the parent metal (141, 143, 144).

As the oxidizing surface is heated towards 570°C, the brittle oxide 

film is of low adhesion and mechanical stability. At 570°C, the 

magnetite/wustite transformation occurs resulting in mechanical 

instability due to the nucléation and growth of the new phase. As 

the temperature is raised further, an adherent, mechanically stable 

oxide film is established in contact with the parent phase.

If the steel was heated dynamically, as was the tendency in the 

preheating procedures used, the wustite transformation starts at 

570°C but extends into the v/ustite range as the magnetite/wustite 

transformation requires a finite length of time. Mechanical 

instability due to phase transformation will therefore extend from
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this known temperature over a range determined by the heating rate.

As the oxide spalls, metal to metal contact can be achieved between 

the steel substrate and the aluminium coating in a temperature range 

suitable for the rapid formation of interfacial alloy. Alloy formed 

below this temperature range will be due to the cracking and spelling 

of the magnetite/haematite film due to both the inherent mechanical 

instability and thermal stresses (Table 5.1). At temperatures above 

this range, the oxide is adherent and plastic and able to withstand 

thermal stresses and, if sufficiently thick, acts as a barrier layer 

between the aluminium spray particles and the metal substrate.

However, it has been found that aluminium particles can penetrate 

thin surface oxide layers (Table 4.18), and therefore if the oxide 

is sufficiently thin, metallic contact can be achieved by impact 

deimage. The effect of this is shown when considering steel SLibstrates 

preheated to 800°C whilst maintaining a thin substrate oxide film. 

Extensive interfacial alloying was found to occur when this oxide 

layer was up to 3pm thick.

Confirmation of this theory was sought by spraying onto a metal/ 

metal oxide system whose characteristics are fully understood.

Oxidized copper was chosen as suitable after considering particularly 

the work of Tylecote (145). Both copper oxides, cuprite (Cu^O) and 

tenerite (CuO), are chemically stable throughout the temperature 

range (ambient to 80O°C) but is is well documented that at 

approximately 600°C mechanical instability occurs as the oxides are 

cooled through the ductile/brittle transition. On cooling the 

oxidized sample, the oxide layer is placed in compression by the 

metal due to the differences in coefficients of thermal expansion 

(Table 5.1) resulting in the dramatic exfoliation of the oxide layer
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at this critical temperature. It was found that in the presence 

of a relatively thick substrate oxide layer, interfacial alloying 

only occurred at the temperature corresponding to the temperature 

of mechanical instability (Table 4.10). If however, a thin substrate 

oxide film was maintained by preheating to 800°C in a controlled 

atmosphere, extensive interfacial alloying again occurred.

These findings indicate that the formation of a metallurgical bond 

is not due to the occurrence of a Thermit reduction reaction,as 

postulated by Wagner (127) and Matting (126),but due to the spelling 

of the oxide barrier layer. The work has identified the preheat 

levels required for the formation of the metallurgical bond therefore 

indicating that the term 'sufficient heat input' must refer to 

heating from a source other than plasma spraying, namely substrate 

preheating. The substrate oxide film may however act as a barrier 

to metallurgical bonding if it cannot be penetrated or does not 

spall, which corresponds to the observations reported by Longo (88).

Identification of Alloy Phases

From arc sprayed aluminium on steel, Stanton (128) identified a non 

stoichiometric interfacial alloy by EPMA. Veerling (60), also 

using EPMA, showed the alloy to be the 6 iron aluminide, Al^Fe. The 

present work consistently identified the alloy,by X-ray diffraction, 

as being the I] phase, Al^Fe^. Optical and electron microscopy 

showed there to be only one alloy phase apparent, the composition 

of the iron aluminide was essentially consistent through the alloy 

zone (Figure 4.1). Spot analysis of the alloy zone gave a mean 

iron content of 42.32 weight per cent with an analytical standard 

deviation of 2.45. This spread of results is higher than would
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normally be anticipated from micro analysis due principally to the 

Mass Adsorption Coefficients of the iron and aluminium components.

The Mass Adsorption Coefficients for iron in iron and iron in
2 -1aluminium are 71.4 and 93.4 cm gm respectively whereas the

coefficients for aluminium in aluminium and aluminium in iron are 
2 -1385 and 3840 cm gm respectively. The correction required on an 

aluminium analysis is consideraloly greater than that on an iron 

analysis as illustrated in Figure 5.4. The degree of correction 

required is related to the electron beam potential but as the 

potential is reduced in order to apply relatively low corrections, 

the intensity of the characteristic elemental x-ray emission is 

reduced with a corresponding reduction in the statistical 

confidence in the resultant analysis. As the correction to the iron 

analysis is small relative to that of aluminium (Figure 5.4), 

greater confidence has been placed in these results and analyses 

are quoted in terms of weight iron content.

The mean iron analysis (42.32 weight per cent) corresponds to the 

phase field ' T] i Ô ' but considering the standard deviation of 

the analysis (2.45) and the difference in composition between the 

two phases (< 5 wt %) (137), positive identification of the phase

formed was not possible with this technique although Lamb (107) 

claimed to differentiate between the 7] and 9 phases using EPIiA.

In view of Veerling’s observations (60) of the occurrence of the

G iron aluminide,the x-ray diffraction analysis was reassessed.

It is apparent from table 5.2 tliat confusion between the 7] and

0 iron aluminides is unlikely as the major lines of Al^Fe^ are
oat 'd ' spacings of 2.11 and 2.05 A v/ith four characteristic lines
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betv/een 2.11 and 4.90 A. Al^Fe has three major diffraction lines at 
o

2.09, 2.04 and 2.02 A v/ith many characteristic lines throughout the

spectrum. Tlierefore as there is such good agreement between the

experimental and standard Al^Fe^ patterns (Table 4.2) and

confusion between the diffraction patterns of T] Al,.Fe. and 6 Al_Fe5 2 3
is unlikely, the interfacial alloy may be identified as the Eta (7) ) 

iron aluminide, Al^Fe^. This is in agreement v/ith literature sources 

(Chapter 2) for interfacial alloying in the presence of excess 

aluminium.

It appears that a single phase, Al^Fe^, separates the iron and

aluminium; no other intermediate phases have been identified even
\

though they are knov/n to exist under equilibrium conditions. Rhines 

(147), when discussing the phase distribution in a state of non 

equilibrium, showed that as a compositional gradient is necessary 

for diffusion to proceed, duplex phase fields are not formed. The 

single phase fields will all be present but they will not be formed 

to equal thiclmesses and therefore not all individual phase fields 

\/ill necessarily be detectable.

Although minor traces of iron and oxygen v/ere detected locally when 

spraying aluminium onto oxidised steel, when spraying aluminium 

onto copper, the aluminium coating was found to contain large 

concentrations of copper. To check that these copper concentrations 

v/ere not caused by smearing during polishing, the sample was lightly 

repolished (in the direction of the interface) and etched three 

times before reexamination (Figure 4.11). The coating was found 

to be Al^Cu v/ith aluminium. No compositional gradient was detectable 

by EPMA throughout the depth of the coating. Considering the preheat 

level at which the alloy was formed and that constant composition was
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found throughout the coating, the alloy must have formed by a 

dissolution mechanism rather than diffusion. Close examination of 

the impurity phases in the aluminium coating on steel by spot 

analysis and x-ray imaging (Figure 4.4) showed one of the major 

impurity phases to be flakes of spalled iron oxide. The remaining 

impurity phases, which were either fine acicular or globular in 

shape, were not positively identifiable. Microprobe analysis 

(Figures 4.1, 4.2 and 4.3) showed that variations in the aluminium 

content could not necessarily be related to variations in both 

the iron and oxygen levels. It was possible by x-ray imaging to 

show that the acicular phase contained basically iron and aluminium. 

Spot analysis showed this phase to contain trace oxygen although it 

is possible that this x-ray emission corresponds to the aluminium 

matrix rather tiian the acicular phase due to the relative dimensions 

of the needles and the electron beam. Rostoker (148) shows a 

micrograph of the lov; temperature iron/aluminium eutectic. This 

micrograph shows acicular Al^Fe in a terminal aluminium solid 

solution. The primary Al^Fe crystals were coarse whereas the 

intermetallic needles associated with the eutectic mixture were 

very fine. Given the evidence of Rostoker (148) , concerning the 

morphology of this 0 Al^Fe phase and considering that 0 Al^Fe 

is the only equilibrium phase between -q Al^Fe^ (found at the 

substrate/coating interface) and the terminal aluminium solid 

solution, i.e. the aluminium coating, it may be concluded that the 

acicular impurity phase is G Al^Fe.

Considerable experimental difficulty was experienced in trying to 

positively identify the globular impurity phase principally because 

of size factors. Evidence has been presented that shows there to 

be a limited chemical interaction between the aluminium and the
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iron oxide film. It is reasonable to propose that the remaining 

impurity particles are in the form of iron oxides, aluminium oxide 

and iron aluminates. One would therefore expect that in the absence 

of interfacial alloying, the coating would be 'cleaner' as the 

oxide shows a much reduced tendency to spall and no intermetallic 

phases are formed. This was fo'and to be the case.

The iron oxide phases formed during the preheating and spraying cycle 

were found to be related to the substrate preheat level (Table 4.1).

The low temperature iron oxide phases were retained to room 

temperature when the preheat level was below 400°C. When preheated 

to 600°C, all three iron oxides were detected whereas only wustite 

was found after preheating to 800 C. These observations emphasise 

the importance of the heating and cooling rates on the magnetite/ 

wustite transformation. The samples cooled from 800°C reached 

250°C in three to four minutes during which time the wustite to 

magnetite dissociation reaction did not occur, i/ustite may be retained 

to room temperature even during slow cooling (149) . VThen considering 

the phases retained after preheating to 600°C, it is probable that 

the magnetite to v/ustite reaction did not go to completion and that 

tlie cooling rate was sufficient to retain the v/ustite.

Failure Interfaces

When spraying aluminium onto oxidized polished steel and copper 

substrates, it was consistently observed that in the absence of 

interfacial alloying failure occurred along the metal/metal oxide 

interface (Figure 4.G). When the oxidized steel substrate is 

preheated and sprayed with aluminium, the iron oxides are placed 

in compression by the aluminium during cooling due to the relative
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coefficients of tliermal expansion (Table 5.1). It was observed that 

tine iron oxide layer remained intact although tine oxide layer was 

detached from its parent phase due to the thermal stresses and low 

inherent oxide a din es ion. Copper oxide is similarly placed in 

compression by the aluminium coating but as the ratio of the coefficients 

of aluminium to copper oxides is considerably greater tlnan that 

between aluminium and iron oxides, the stress level will be greater.

It was apparent that this stress was in fact greater than the fracture 

stress of the copper oxides as they were found to have been shattered.

VJlnen spraying aluminium onto an oxidized metallic substrate, the 

adhesion of the coating was found to be dependant on the adhesion 

of the oxide to its parent phase. In order to test this hypothesis, 

aluminium was plasma sprayed onto oxidized, polished austenitic 

stainless steel preheated to 200°C. It was found, as predicted, that 

an adherent aluminium coating was formed on the oxidized metallic 

substrate.

When interfacial alloying occurred,: it was found that the failure 

interface was essentially along the iron/iron aluminide interface 

(Figures 4.7 and 4.8). In an iron/aluminium diffusion couple, the 

nett diffusion direction is of iron into aluminium (150) resulting in 

Kirkendall voids in the iron. There is a negative volume change 

v/ith the formation of Al^Fe^ with a resultant tensile stress across 

the interface (150) which weakens the interface.

.

The observation that the adhesion of an aluminium coating to an 

oxidized grit blasted surface, although lov/ was greater than with a 

oxidized polished surface, is consistent v/ith the fact that oxides 

are more adlierent to roughened surfaces (151, 152) and that the
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coating adliesion was found to be dependant on the adhesion of the 

oxide to its parent phase.

Aluminium Sprayed onto Metal Oxide Pellets

When plasma spraying aluminium onto cold pressed metal oxide 

pellets (Table 4.7), the aluminium coating was found to be adherent 

to all except the magnesium oxide- Powder camera x-ray diffraction 

of these sprayed samples gave no evidence of a reduction reaction 

having occurred between the aluminium and the oxide substrates 

(where thermodynamically favourable) although some evidence of an 

interaction at tdie aluminium and magnetite interface was observed 

under the SEM (Figure 4.10). It was however evident that an 

extensive reduction reaction did not occur.

Further experiments on the interaction of aluminium and magnetite 

established that when aluminium and magnetite powders were sintered 

a classical reduction reaction does not occur until 1250°C, a 

temperature in agreement with Ballard's observations (153). At 

900°C a reaction of the type;

2A1 + Fe_0, — >  Al.Fe + (A1 0_ + A1 FeO^ + ?)

was identified. At 700°C, there was some evidence of interaction 

but insufficient for positive conclusions to be drawn.

It is apparent that the magnetite has been reduced to iron at a rate 

determined by the temperature. V/hen sintered at 900°C, this iron 

has combined with excess aluminium to form the Q iron aluminide,
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Al^Fe. Strong evidence was found for the presence of Hercynite 

(Al^Fe O^) and Alumina (Al^O^). The respective mechanisms of 

formation of these compounds was probably reduction reactions of 

the type:

and

A1 + Fe^’*' — Al^^ + Fe

Having established that a bulk temperature of approximately 1250°C

was necessary for the Thermit reaction to be self sustaining, it is

understandable why, under normal spraying conditions, little
\

evidence for such a reaction could be found. Examination of the 

plasma sprayed interface gave some evidence of substrate/coating 

interaction (Figures 4.9 and 4.10) but a closer examination (Figures 

4.2 and 4.3) could not positively identify the existance of an 

interfacial layer. From figure 4.2, the interfacial width was 

found to be approximately 6ym. However, as the iron/iron oxide 

interface was found to have an apparent width of 6ym, (the steel 

surface had been polished through lym prior to oxidation and 

therefore this interface would be expected to be 'sharper'), no 

positive conclusions could be drawn concerning this iron oxide/ 

aluminium interface. A similar interface, figure 4.3, was found to 

have an apparent width of up to 4ym but as this figure corresponds 

to the limit of the micorscope's resolution, no positive conclusions 

could be drawn.
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5.2. Metallic Coatings on Non Oxidized Metallic Substrates

In order to more closely simulate the conditions found in a practical 

situation, aluminium v/as plasma sprayed onto mild steel substrates 

preheated to 200 C. Tlie substrates were preheated in the electric 

tube furnace using a reducing atmosphere. It was found that an 

adherent aluminium coating was formed on the polished steel substrates 

preheated to 200°C (Table 4.6). IVhen this experiment was repeated 

using a similarly prepared copper substrate, the coating was found 

to be essentially adherent but at a noticeably lower level than the 

corresponding aluminium coating on steel (Table 4.13). However, when 

similarly prepared gold and graphite substrates were used (Tables 

4.14 and 4.15) the aluminium coating was found to be non adherent.

These observations must be considered in the light of four criteria 

detailed in the relevant sections, 1) VThen spraying aluminium onto 

oxidized steel and copper substrates, it was consistently observed 

that the aluminium was adherent to the substrate oxide film,

2) although it was found that no extensive thermit reaction occurred, 

there was some evidence to suggest that a limited interaction 

occurred between plasma sprayed aluminium and an iron oxide substrate 

layer, 3) the plasma sprayed aluminium coating was found to be 

adherent to all the cold pressed metal oxide pellets with the 

exception of magnesium oxide and finally 4) it has been shovm (114) 

that the adhesion of vacuum evaporated aluminium coatings on 

preheated steel is associated with the occurrence of an interfacial

iron aluminate (Al FeO ) at preheat levels of greater than 150°C.2 4

Several observations can be made concerning the above results. In 

terms of standard free energies of oxide formation (AG°), a 

thermodynamic potential exists for the reduction of both copper and
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iron oxides by aluminium. Furthermore, v/ith the exception of 

magnesium oxide, aluminium is capable of reducing all the oxides 

used as cold pressed metal oxide pellets (Table 4.7). Although 

the oxides of graphite are reduceable by aluminium, the graphite 

surface does not retain a surface oxide layer as, for example, 

steel or copper. Gold, on the other hand, which does not form eui 

oxide layer (154), did not form an adherent aluminium coating. VThen 

spraying aluminium onto steel surfaces, it v/as found that impact 

of the aluminium particles resulted in very little substrate 

surface damage (Table 4.18).

It is therefore apparent that v/hen plasma spraying aluminium, the 

substrate oxide layer is the dominant factor in the adhesion of 

that aluminium coating. If the aluminium is thermodynamically 

capable of reducing the substrate oxide layer, adhesion may occur 

whereas if 1) there is no thermodynamic potential for the 

reduction of the substrate oxide by aluminium or 2) there is no 

substrate oxide film, the aluminium coating will be non adherent.

Several polished metallic substrates were prepared in order to 

test this hypothesis. The standard free energy of oxide formation 

criteria (AG°) shown in Table 4.17. has been taken such that when 

the relationship

AG° o I — ' I AG° ^
lOOO C / Substrate Oxide \ lOOO C j Coating Oxide

is positive, a thermodynamic potential exists for the reduction of 

the substrate oxide by the aluminium. A free energy value at 

1000°C has been used because although the aluminium particle is
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molten (T >650°C), its temperature is not high enough to activate 

an extensive thermit reaction (T > approximately 1100° - 1200°C).

It was found that when the free energy difference was positive, the 

aluminium coating was adherent whereas if the free energy difference 

was zero, negative or, in the case of gold, anomalous, the aluminium 

coating was non adherent. Therefore the adhesion of aluminium 

coatings to metallic substrates is dependant on a chemical reduction 

reaction occurring between the aluminium and the inherent substrate 

surface oxide. If aluminium oxide is more thermodynamically stable 

than the substrate oxide, adhesion will occur.

\
When aluminium was plasma sprayed onto vacuum evaporated metallic 

layers (on copper), it was found that even though no preheating was 

applied, elemental transfer occurred between each layer and the 

coating with the exception of gold (Table 4.16) even though the 

aluminium coating was non adherent. Aluminium is thermodynamically 

capable of reducing the oxides of all the elements involved with 

the exception of magnesium (and gold). As already noted (chapter 

4 .5) the vacuum evaporated magnesium layer was not totally acceptable 

therefore this particular result must be regarded as dubious as it 

is probable that this element was transferred mechanically rather 

than chemically. Unfortunately it was not possible to verify this 

result using a polished magnesium substrate due to equipment failure. 

In the absence of an interfacial substrate oxide film (gold), 

elemental transfer was not detectable at this preheat level.
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Tlie Effect of Substrate Preheating

The adhesion of an aluminium coating depends not only on the 

thermodynamic potential but also on the substrate preheat level.

It was found that when plasma spraying aluminium onto mild steel 

substrates, tlie coating was adherent at a preheat level of 20O°*C 

but non adherent at 100°C (Table 4.6). A similar trend was shown 

by copper substrates (Table 4-13). For a coating to be adherent, 

the interfacial bond must be formed sufficiently extensively for 

its strength to exceed the residual stresses imposed by, for 

example, the differences in the coefficients of thermal expansion. 

Therefore, although a bond has been formed betv/een the aluminium and 

the vacuum evaporated layers, it has not been .formed sufficiently 

extensively to sustain adhesion. The important criterion is not the 

preheat level as such but the reaction rate. The results of the 

sintering experiments illustrate that the reaction rate is directly 

related to temperature. When the aluminium and magnetite pov/ders 

were sintered together for five hours, chemical interaction was 

observed at both temperatures. When sintered at 900°C, it was 

possible to identify the products by x-ray diffraction whereas when 

sintered at 700°c, tlie evidence of interaction was much less positive. 

Therefore the effect of substrate preheating is more than simply 

drying the substrate. The substrate must be preheated to a level 

such that a sufficiently extensive, chemical interaction can occur, 

under the constraints of time, such that the adhesion of the aluminium 

coating to the metallic substrate, via the inherent substrate oxide 

film, is sustained. For a polished steel surface, the minimum preheat;, 

level for adhesion is between 150 and 200 C.

When aluminium was plasma sprayed onto grit blasted mild steel 

substrates preheated to various levels in a reducing atmosphere
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(Table 4.5) it was found that the coating was adlierent after preheating 

the substrate to 85°C thus emphasising that the primary function of 

preheating is not to dry the substrate. The effect of grit blasting 

is to roughen the surface and increase the unit surface area. V/hen 

considering chemical bonding, an increase in unit surface area would 

favourably effect the bond strength but it would not tend to effect 

the temperature at which that bond is formed. V/hen the grit blasted 

surface is preheated to 85°C, it will receive further thermal energy 

from the spray particles and the plasma. Although the bulk substrate's 

temperature change during spraying will be of the order of results 

presented in Table 4.1, the aspérité tips will be heated very much 

more rapidly and much more intensely. Therefore the effective 

substrate preheat level is locally very much greater than the 

nominal level and the chemical bond will be formed on the basis of the 

local preheat level.

The relationship of preheat level and reaction rate to metallurgical 

bonding is clearly illustrated by the plasma spraying of aluminium 

onto gold. When spraying aluminium onto gold, it is quite clear 

that metal to metal contact, i.e. the potential for metallurgical 

bonding, is established as any aluminium oxide layer formed around 

the aluminium spray particle due to oxygen entrainment in the 

plasma will be dispersed upon impact. This substrate/coating system 

must tlierefore be considered in terms of metallurgical bonding.

V/lien spraying aluminium onto preheated polished gold substrates, 

the coating was found to be adherent at preheat levels of greater 

than 425°C (Table 4.14). V.hen the substrate was preheated to 660°c, 

extensive interfacial alloying occurred totally consuming the gold 

layer (Figure 4.17). Mo gold was detected within the coating. V/hen
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preheated to 425°C, no gold was found in the coating but aluminium 

v/as detected in the gold layer. The electron image (Figure 4.15a) 

shows degrees of shading in the gold layer suggesting that it is not 

a single phase structure. The interfacial profile through the gold 

layer (Figure 4.16) shov/s evidence of diffusion, and possibly 

compound formation. It is evident that this alloy region is gold 

rich, as confirmed by spot analysis. The volume of the gold layer 

has increased (as indicated by its change in thickness at constant 

surface area) indicating that the pure component is no longer present. 

The behaviour of this aluuainium/gold couple does not appear to obey 

reported diffusion data (155) where Al^Au^ (5 wt % Al) v/as reported 

to occupy 80% of the diffusion zone at temperatures greater them 

320°C. The Kirkendell markers were observed to move towards the 

gold showing that at this composition gold diffuses faster in 

aluminium than aluminium in gold. It was reported, hov/ever, that as 

the annealing temperature was reduced, the proportion of Al^Au^ in 

the diffusion zone decreased. The data available in figures 4.15 

and 4.16 suggests that Al^Au^ was not extensively present and that 

the diffusion of aluminium into gold was very much faster than gold 

into aluminium.

The important points to be drav/n from these results do not, however,

directly involve the nature of the alloy. At a preheat level of 425°C,

the interfacial alloy has been limited to within the gold layer. The

alloys formed at this preheat level are essentially of low aluminium

content but sufficient alloying has occurred to sustain adhesion of
c-

the aluminium coating.

After preheating the gold substrate to 215°C, the coating was found 

to be non adlierent. Examination of the exposed substrate and coating
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surfaces (Figures 4.13 and 4.14 respectively) showed that local 

alloying had occurred and that the areas where element transfer had 

occurred were circular with a diameter corresponding closely to the 

original size of the powder particles. When spraying aluminium 

onto vacuum evaporated gold layers at ambient temperature, however 

(Table 4.16), no gold was observed and the coating was non adherent. 

Interfacial alloying can occur by two mechanisms, not only diffusion 

but also dissolution.

Consider the spray particle impinging on the substrate surface. The 

substrate temperature will rise (Figure 5.1a) due to the thermal 

energy transfer particularly from the spray particle. A peak temperature 

will be reached corresponding to the thermal equilibrium point and 

then the coated substrate will start to cool. The extent of the heat 

transfer between the aluminium and the gold will depend on the masses 

and thermal characteristics (temperature and specific heat) of the 

components involved. As aluminium powder from the same batch was 

sprayed under identical spraying conditions, it can be assumed that 

the thermal balance between the substrate and the aluminium spray 

particle is related to the preheat level of the substrate at constant 

mass.

Consider the temperature fluctuations in terms of substrates at 

various preheat levels (Figure 5.1b) as typified by the data in 

Table 4.1. As the preheat level increases, the change in substrate 

temperature due to the spray particles is reduced but the length of 

time that the minimum diffusion temperature is exceeded is increased.

A liquid phase may be present at the interface due to the 

magnitude of the temperature fluctuations and due to one component 

having a low melting point. T/zo possibilities are therefore available.
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1) that the substrate surface is melted or 2) the quench rate of the 

spray particle is sufficiently low as to allow a significant 

dissolution reaction to occur. Therefore increasing the substrate 

preheat level enhances both the diffusion and dissolution mechanisms.

The observations concerning the gold substrates can now be explained 

in terms of these basic thermal trends. When the substrate is held 

at high preheat levels, for example 600°C, if the thermal equilibrium 

point is not above the melting point of the aluminium, the quench 

rate v/ill be low and dissolution through liquid aluminium will be 

favourable. The diffusion rate at these high temperatues will also 

favour the formation of a metallurgical bond. It is probable that 

these considerations are further modified due to the liquid phase 

fields of the low temperature eutectic (530°c, 95% wt Au) (137) 

enhancing the dissolution mechanism. If the preheat level is reduced, 

for example to 400°C, the substrate/spray particle temperature 

differential increases, thereby increasing the quench rate to an 

extent which reduces the significemce of a dissolution reaction or 

preventing it altogether. Similarly as the peak substrate temperature 

decreases, the extent to which diffusion can occur decreases. It is 

possible that the metallurgical interaction at this substrate preheat 

level could be modified by the low temperature eutectic but, again, 

its effect will be reduced due to the reduced time factor. The nett 

effect will be that the extent of interfacial alloying will be 

reduced. As a minimum degree of interaction will be necessary to 

sustain tlie bond, the adherence of th%i coating v/ill therefore be 

directly related to the substrate preheat level. As detailed earlier, 

it was found that as the preheat level increased from ambient to 660°C, 

the extent of metallurgical interaction between gold and aluminium 

was found to increase (from non detectable to extensive) and the
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adherence of the coating was found to vary accordingly.

Graphite was chosen as the substrate to compare to gold as its oxides 

are gaseous and therefore do not mask the true nature of the substrate. 

It was found (Table 4.15} that at preheat levels of greater than 

410°C, adherent coatings were formed (probably due to chemical 

bonding) whereas at 215°C, the coating was non adherent. These results 

correspond to those found for a gold substrate.

Substrate Surface Damage Caused by Spray Particles

After spraying aluminium onto a polished gold substrate preheated to 

200°C, examination of the exposed substrate surface showed it to have 

been damaged. The diameter of the major area of impact in Figure 

4.13 is approximately llOym although positions of smaller diameter 

were apparent. These dimensions were found to correspond closely to 

the aluminium powder particle size. As detailed in chapter 4, the 

profile of the damaged area was found to be an annular depression 

with a central area of level intermediate to that of the annulus and 

the general surface. No rim was apparent around the damaged area.

When a liquid particle impacts onto a solid surface at velocities of 

the order of 300 m s  , the intensity of surface damage is directly 

related to the velocity and size of the liquid droplet (155)- The 

relationship between substrate's mechanical properties and the damage 

intensity is not clear although in a two phase material tlie softer 

material may be heavily plastically sheared whilst the harder phase 

may be eroded (157).
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Several mechanisms have been identified as contributing to the damage 

of the surface when considering the impact of water droplets on solid 

surfaces at velocities of the order of sound. As the liquid droplet 

impacts on the substrate surface, a 'water-hammer' pressure is 

developed which is related to the density and velocity of the liquid 

droplet- During this pressure variation (Figure 5.2a), which may 

last for approximately 2 micro seconds before background pressure is 

developed, the liquid behaves as a hard elastic solid and is subjected 

to compressioned behaviour (158). This impact pressure is greatest 

towards the circumference (155, 159) and maximum shear stress is 

experienced close to the particle's circumference (159) (Figure 5.2b).

The diameter of the damaged area is always a little larger than the
\

diameter of the impacting liquid particle. The damage experienced, 

however, is related to the nature of the substrate material. With a 

brittle material, tlie principle mechanism is erosion at the periphery 

due to radial outwash of the liquid from the impact area. This 

results in an annular depression at the circumference of the impact 

area. A saucer shaped depression is formed in ductile materials due 

to the plastic shearing of the metal by the radial outwash. At lip 

is very often formed on the circumference of the depression.

When preheated to 400°C a saucer depression was apparent with evidence 

of a circumferencial lip (Figure 5.3). This is consistent with the 

theories reported in the proceeding paragraph concerning ductile 

substrates. There is no guarantee that this section was taken at 

the diameter of the depression and therefore the diameter shown does not 

necessarily correspond to that of the powder. At 400°C, gold will be 

fairly soft and therefore it is probable tliat the effects due to 

erosion by intermetallic phases formed at the impact interface is 

masked by the effects of plastic shear. The impact damage would occur
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before extensive alloying can occur increasing the substrate hardness.

V/hen preheated to 200°C, tlie observations do not appear to be consistent 

with the theories reported for ductile materials. Although the 

damage is superficially similar to that experienced by a brittle 

substrate, gold would'not normally be considered in this category and 

therefore alternative explanations must be considered.

High transient compressional and shear pressures are developed at 

positions close to the circumference of the spray particles (Figure 

5.2b). As the spray particle behaves as an elastic solid, both 

dissolution and pressure welding may occur in these areas to form 

intermetallic gold aluminides. In the central area, however, the 

transient pressures are not so high and therefore alloy formation 

will be due more to dissolution than welding. Gold aluminides are 

4 or 5 times harder than gold (160, 161) and are probably brittle 

due to their intermetallic nature. The mechanism concerning the duplex 

phase structures may therefore be relevant. As the spray particle 

impacts on the surface, a saucer like depression is formed in the 

ductile material as proposed by Bruton (158). Intermetallic alloy 

formation then occurs across the impact area, particularly towards 

the circumference. The hard intermetallic phase is then removed 

from the impact area by radial out wash as reported by Bowden (157) 

who found that with Duralamin type alloys, intermetallies were 

removed from the circumference of the impact area due to the scouring 

action of the liquid phase. The solidified aluminium radial outwash 

is clearly visiable surrounding the impact area (Figure 4.14) but as 

the gold concentrations will be very low due to dilution, it is not 

surprising that this element was not detectable by x-ray imaging.

116



Vhen examining the substrate surfaces for damage incurred during 

spraying with various metallic powders, (Table 4.21), it was noted 

that, in general, the surfaces were badly damaged by lead. It has 

been shown (156) that the intcrfacial pressure developed between 

a solid surface and an impacting droplet is directly related to the 

droplets density and velocity but that the damage from a small 

droplet is less intense than that from a large droplet. With the 

exception of tantalum, lead is the most dense powder used (Table 5.3) 

but the velocity of the tantalum powder as it approaches the 

substrate surface is probably lower than that of the lead due to 

their powder particle size differences (< 35ym and < 63yra respectively). 

The maximum mass of the lead particles is four times greater than 

that of the tantalum. Therefore the observation that tlie intensity 

of surface damage due to tantalum particles is consistently less than 

that due to lead must be an effect of mass and velocity considerations.

The impacting droplet loads the substrate surface to an extent 

described by the Water Hammer Equation for a droplet of specific 

dimensions. However, the role of the substrate on the effect of this 

loading is not understood (157). Inspection of the data on surface 

damage (Table 4.21) with respect to the mass of the spray particles 

(Table 5.3) does not reveal any distinct correlations but it is 

apparent that the intensity of surface daimage is not solely dependent 

on properties of the spray particles.

The intensity of surface damage was examined with respect to the 

hardness of the substrate oxide, as it was noted that the gold 

substrate, without a protective oxide film, was the most extensively 

damaged of the various substrates but no correlations were apparent.

The substrate damage intensity data was then examined with respect to
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properties of the metallic substrate. The Mater Hammer pressure is

generated essentially over an area corresponding to the diameter of

the particle and the substrate may be expected to undergo plastic

flow. The pressure is related to the mass of the spray particle at

an unknown velocity and therefore the ratio of the particles cross

sectional area and the substrates ultimate tensile strength will be

a measure of the stress to give plastic deformation. As the ratio

of the mass to the stress is increased, plastic deformation, and

therefore surface deunage would be anticipated. There was however

no apparent correlation. The data (Table 4.21) was further

examined in relation to the ratios of coating materials density

( ) to a) substrate metal density (p^), b) substrate metals

Young's Modulus and c) substrate metal's UTS V/ith no strong

correlations apparent although there was some tendancy for the

damage intensity to increase in proportion to the ratio ^c / . The
ŝ

significance of this ratio, however, is not clear.

For metallurgical bonding to occur, the substrate oxide film must be 

punctured by the spray particle. In terras of the spray particle, 

this will be related to its density, velocity and particle size as 

these factors control the momentum and kinetic energy of the particle 

and the interfacial pressure developed on impact. The properties of 

the substrate which control the damage intensity are not clear 

although it is probable that the inherent surface oxides are significant.

Having established metal to metal contact, a thermal balance will be 

established between the spray particles and the substrate. Kayser (81) 

proposed a Thermal Penetration Factor which was designed to define 

the thermal interaction. No clear correlation was apparent between 

this factor and the occurrence of interfacial alloying (Table 4.20).
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Further consideration was therefore given to the thermal criteria 

in terms of two factors. The first requires that sufficient heat 

is developed in the substrate for alloying to occur and the second 

requires that this heat is retained essentially at the interface 

rather than being dissipated throughout the substrate. Several 

factors were examined which may be expected to influence these two 

criteria, these factors being the specific and latent heats, the 

tliermal energy content of the spray particles up to their melting 

points (in both the solid and liquid state) and the thermal . 

conductivity of the substrate. Although no specific correlations 

emerge from a consideration of these factors, a number of pertinent 

observations can be made concerning the thermo-physical factors 

influencing the bonding mechanism of aluminium to metallic substrates.

It was noted (Tables 4.18 and 4.21) that the damage intensity due to 

the aluminium particles was generally very much lower than that 

produced by other coating materials. This may be related to the 

materials density and mass through the Water Hammer Equation- Aluminium 

is very much less dense than all the coating metals used.

IVhen determining the level of adhesion of aluminium coatings, the 

adhesion of each substrate/coating pair was clearly distinguishable. 

However, v/hen describing the level of adhesion associated with the 

various metallic couples shown in Table 4.19, classification of the 

level of adhesion was much more difficult. For example, when 

spraying iron onto aluminium, the coating was found to be distinctly 

non adherent but when this experiment was repeated with powder from 

a different supplier (sieved to the same particle size range) and 

using supposedly identical spraying conditions, although the coating 

was not fully adherent, there was clearly a level of adhesion.
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Repetition of other results using powder from the same supplier 

gave consistent results.

IVhen examining the observations of the quality of coating adhesion 

with respect to the difference in the standard free energy of 

oxide formation for the oxides of the substrate relative to the 

coating (Table 4.19), none of these substrate/coating systems, 

with tlie possible exception of magnesium and zinc coatings, appeared 

to follow the thermodynamic criteria as a basis for their adhesion. 

The substrate/coating systems presented in Tables 4.19 to 4.21 have 

achieved a greater level of metal to metal contact than aluminium

coatings on metallic substrates, as reflected by the data concerning
\

the intensity of substrate surface damage. The inherent substrate 

surface oxide layer will therefore not determine the adliesion of 

the coating.
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5.3. The Effect of Substrate Preparation on Coating Adhesion

When considering other processes whereby aluminium is coated onto 

steel, it has been reported that controlled substrate oxidation 

may enhance the coatings adhesion (105, 115, 117, 118). This 

proposal was examined not only in terms of identifying an alternative 

method of substrate preparation but also to indicate the extent to 

which substrate oxidation could be tolerated before deterioration o f  

the substrate/coating bond.

The aim of this series of experiments was not to be able to quote 

specific bond strength levels but to be able to rank the substrate 

surface preparations in order of merit.

Passivation of the steel substrate in concentrated acid was found 

to be a totally inadequate surface preparation even when dried at 

120°C (Table 4.22). Preheating the substrate to 200°C resulted in 

a powdery dehydrated oxide film (139, 162) on which a coating of 

minimal adhesion was formed (Table 4.22). Considering that the 

adhesion of the coating is related to the adhesion of the oxide film, 

it is not surprising that this substrate preparation was inadequate.

IVhen spraying onto magnetite and haematite interference films

(Table 4.22) the coating was found to be essentially non adlierent.

The oxide film grown corresponded to the first interference oxide film,
oi.e. the minimum which is optically visible (approximately 70 A). 

Therefore as long as a substrate oxide film is visible prior to 

spraying, the adhesion of the coating will be inadequate.

VJhen considering the adliesion of the coating to non oxidized steel 

suy^strates sprayed at ambient temperature, the coating was found to
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be non adherent to the polished substrates and to vary between non
-2adherent and adherent (O to 150 kgf cm ) on grit blasted substrates. 

These variations are probably due to the effects of preheat levels 

and thermal energy transfer to the substrate aspérités although in a 

practical situation this may be aggrivated by the slight thickening 

of the inherent substrate surface oxide film. When spraying onto 

substrates preheated to 220^0, adherent coatings v;ere formed although 

the level was found to vary.

The data presented emphasises the importance of substrate preparation 

and preheating. It is, however, apparent that the substrate thermal 

conductivity is important. When spraying onto a polished steel 

substrate preheated in a reducing atmosphere, a' temperature of 200°C 

was necessary before the coating was adherent (Table 4.6) but when 

spraying onto cold pressed magnetite pellets the coating was found to 

be adherent even without preheating. The heat transferred from the 

spray particles will be retained at the surface due to the low thermal 

conductivity of the substrate. The effect of preheating will be less 

critical and these coated oxide substrates are less liable to fail 

due to inadequate substrate preheating as the thermal energy 

transferred to the substrate is distributed through a much smaller 

volume of material than in a metallic substrate.

VJlien plasma spraying aluminium onto steel, it is not necessary to 

spray onto a grit blasted surface that has sharply defined contours.

It is more important to spray onto a suitably cleaned and preheated 

surface. Any visible surface oxide film dramatically weakens the 

interfacial bond. The substrate must be preheated to a level 

dependent on the substrate surface preparation. It is apparent that 

for a thoroughly grit blasted surface, the level will be approximately



85°C but up to 200°C for a smooth surface.
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CONCLUSIONS

The relationship between the adhesion of plasma sprayed metallic 

coatings and the properties of the substrate surface oxide film, 

the substrate preheat level and the surface preparation of the 

metallic substrate has been investigated. It has been established 

that the adhesion of aluminium coatings to metallic substrate 

may be due to two mechanisms.

a) Metallurgical bonding was found to occur when aluminium was plasma

sprayed onto preheated oxidized metallic substrates due either to

the spelling of the substrate oxide film, at between 550° and 650°C 

in the case of steel substrates, or due to a thin substrate oxide 

film being p’unctured by the impinging aluminium spray particles.

The interfacial alloy formed with a steel substrate was found to be 

the Eta (Ij ) iron aluminide, Al^Fe^.

In the absence of interfacial alloying, the adhesion of the 

aluminium coating was found to be dependent on the adhesion of 

the substrate oxide film to its parent phase.

b) In the absence of a specifically grown substrate oxide film, the 

adhesion of plasma sprayed aluminium coatings was found to be 

dependent on the chemical properties of the inherent substrate 

oxide film. Although no direct evidence was obtained to suggest 

the occurrence of a Thermit reduction reaction between sprayed 

aluminium and substrate oxides, adherent coatings were found only 

when a thermodynamic potential exists for the reduction of the 

substrate oxide by the aluminium. In order to form an adherent 

plasma sprayed aluminium coating on a metallic substrate, the 

standard free energy of oxide formation of aluminium oxide must be
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less than that of the substrate oxide. The adhesion was found to 

be further dependent on the substrate preheat level and the 

substrate surface preparation. It was found that adherent 

aluminium coatings were formed on polished steel substrates 

preheated to 200°c but when the surface had been grit blasted, 

a preheat level of 85°C resulted in adherent coatings.

It was apparent that the adhesive bonding mechanisms of none 

of the various metallic coatings, with the exception of 

aluminium, was due to a reduction reaction between the coating 

metal emd the inherent substrate oxide film.
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SUGGESTIONS FOR FURTHER WORK

1. A detailed examination of the mechanism of adhesion of metallic 

coatings on selected metallic substrates is necessary to determine 

the limits of the chemical bonding mechanism. Magnesium and

zinc coatings are probably particularly relevant in this case.

A general theory of adhesive bonding must then be considered in 

three stages; 1) the attainment of metal to metal contact,

2) the heat transfer between the spray particles and the substrate 

and 3) the dissipation of the thermal energy.

2. As it is not possible to explain the cohesion of a plasma sprayed 

aluminium coating in terms of the adhesive bonding mechanism 

identified in the current work, an explanation of coating 

cohesion, not only related to aluminium but also other coating 

metals, is required.

3. An explanation as to the function of an undercoat layer would 

contribute significantly to the theories of adhesion and 

cohesion.
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Schematic diagram showing the basic types 
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FIGURE 3.1.

A general view of the Plasma Spraying Equipment.
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FIGURE 4.1.

EPMA scan for the element distribution within 
the interfacial alloy layer (shown in the 
electron micrograph) formed when aluminium was 
plasma sprayed onto steel preheated to GOO^C.
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EPMA scan for the element distribution across the iron/ 
iron oxide/aluminium interfaces formed when aluminium ^ 
was plasma sprayed onto oxidized steel preheated to 600 C.
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FIGURE 4.3.

EPI4A scan for the element distribution within the coating 
formed when aluminium was plasma sprayed onto oxidized 
steel preheated to 600°C.



FIGURE 4.4.

An electron image of impurity phases in the 
aluminium coating. (b), (c) and (d) are the 
corresponding x-ray images showing the 
distribution of aluminium, oxygen and iron 
respectively.

FIGURE 4.5.

The interfacial alloy associated with a spalled 
iron oxide film.
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FIGURE 4.6.

An electron image showing the location of 
failure of an aluminium coating plasma sprayed 
onto oxidized mild steel. (b), (c) and (d)
are the corresponding x-ray images showing the 
distribution of aluminium oxygen and iron 
respectively.
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FIGURE 4.7.

An electron image looking at the coating surface 
of a failure interface associated with an 
intermetallic bonding point. (b), (c) and (d) 
are the corresponding x-ray images showing the 
distribution of aluminium, oxygen and iron 
respectively.
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Figure 4.7



FAILURE 4.8.

An electron image looking at a substrate 
position corresponding to figure 4.7. (b) ,
(c) and (d) are the corresponding x-ray 
images showing the distribution of aluminium, 
oxygen and iron respectively.
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FIGURE 4.9.

An optical micrograph showing a taper section 
through the aluminium/iron oxide interface formed 
when aluminium was plasma sprayed onto oxidized 
mild steel preheated to 600°C.

FIGURE 4.10.

An electron image showing a fracture section 
through the aluminium/iron oxide interface 
formed when aluminium was plasma sprayed onto 
a cold pressed magnetite pellet.
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FIGURE 4.11.

An electron image showing the alloy formation 
associated with aluminium plasma sprayed on 
oxidized copper preheated to 600°C. (b), (c)
and (d) are the corresponding x-ray images 
showing the distribution of aluminium, oxygen 
and copper respectively. (Etchant-. Alcoholic 
Ferric Chloride).
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An EPMA scan for the element distribution across the 
substrate/coating interface formed when aluminium 
was plasma sprayed onto oxidized copper preheated 
to 60O°C.



FIGURE 4.13.

An electron image looking at the gold surface 
after aluminium was plasma sprayed onto a 
polished gold layer preheated to 215°C. (b) and
(c) are x-ray images for aluminium and gold 
respectively.
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FIGURE 4.14.

An electron image looking at the aluminium surface 
(corresponding to Figure 4.13) produced by plasma 
spraying aliminium onto a polished gold layer 
preheated to 215^C. (b) and (c) are the
corresponding x-ray images for gold and aluminium 
respectively.
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FIGURE 4.15.

An electron image showing the substrate/coating 
interface produced when aluminium was plasma 
sprayed onto an electrodeposited gold layer 
preheated to 425°C. (b) and (c) are the
corresponding x-ray images for aluminium and 
gold respectively.
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PIGURE 4.16.

An EPMA Scan for the element distribution across 
the substrate/coating interface formed when 
aluminium was plasma sprayed onto a gold layer 
preheated to 400 C-



FIGURE 4.17.

An electron image showing the substrate/coating 
interface formed when aluminium was plasma 
sprayed onto a gold layer (on steel) preheated 
to 660°C. (b), (c) and (d) are the
corresponding x-ray images for aluminium, gold 
and iron respectively.
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FIGURE 5.1.
Schematic diagram of the time/temperature relationships 
occurring during plasma spraying showing a) the establishment 
of thermal equilibrium betv.’ecn the substrate and the spray 
particles and b) the effect of substrate preheating on the 
level of thermal equilibrium.
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The variation of substrate surface pressure v;ith a) time 
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solid surface ((a) after Field (156), (b) after Rochester (159)).



FIGURE 5.3.

An electron image showing the substrate/coating 
Interface formed when aluminium was plasma sprayed 
onto an electrodeposited gold layer preheated to 
425°C.

FIGUim 5.4.

A graph showing the correction model for the 
quantatative electron probe micro analysis of 
the iron-aluminium system at 15 KV (after 
Heinrich (134)).
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Metal Comments
Substrate 
Di ire usions 
cm

Mild steel EN 32 2.5 X 4.0 X 1.2 tliick

Gold Nori'iina 1 10 pm tlii ck 
Electroplated onto EN32 2.5 X 2.0 X 1.2 thick

Coppe r High Purity 2. 5 X 4.0 X 1.2 thick

Graphite EY9, Oxidation Resistant 
Electrographite of 17% 
Apparent Porosity

2. 5 X 4.0 X 1. 2 thick

Stainless steel Austenitic - was backed 
with asbestos to full 
thickness (1.2cm)

2.5 X 4.0 X 0.7 thick

H  taal um Industrial Purity 2.5cm Diameter stock x 
1. 2 thick

Aluminium Industrial Purity 2.5cm Diaireter stock x 
1. 2 thick

Magnesium Industrial Purity. 5.0cm 
Diameter stock

Hie bisected stock x 
1.2 thick

Nickel 1mm thick foil for 
Electron Microscopy. 
Aluminium cast onto back

2. 5cm Diarreter x 1.5 thick

TABLE 3.1.

Details of the substrate materials used.
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TABLE 4.2.

The comparison between the standard Al Fc diffraction pattern (136) 
and a powder camera x-ray diffraction pattern of the interfacial 
alloy formed when aluminium was plasma sprayed onto oxidized steel 
preheated to 600 C.

71 Al^Fe 2  Standard Interfacial Alloy

Pol a  h 1 'd' Spacing 'd' Spacing Estimated
IvC-'XCL L.X V C o o Relative InferenceIntensity (A) (A) Intensity

12 4.90 4.90 Weak
4.40 Very Weak Unknown

25 3.86 3.83 Weak
40 3.20 3.20 Weak -Q
10 2.39 2.36 Very Weak
100 2.11 2.12 Medium n
100 2.05 2.06 Medium Tl

2.03 Very Strong Fe
10 1.94 1.95 Very Weak
8 1.90 1.90 Very Weak Tl
4 1.84
8 1.76
2 1.70
2 1.63
4 1.59
2 1.55
lO 1.52 1.53 Very Weak Tl
16 1.48 1.47 Very Weak Tl

1.43 Strong Fe
2 1.42
10 1.39 1.39 Very Weak Tl
2 1.35
2 1.30 1.31 Very Weak !](?}

10 1.27 1.27 Very Weak T]
0 1.24 1.24 Very Weak Tl
16 1.21 1.21 Very Weak T]
2 1.18

1.17 S trong Fe
2 1.15
8 1.10 1.10 Very Weak Tl
2 1.09

10 1.07 1.07 Very Weak Tl
4 1.03
2 1.02

1.01 Medium Fe
0.906 Strong Fe
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Subs Lrate Coating Preheat level 
(°C)

Interfacial Alloy 
Formation

Quality of 
Adhesion

Fe Al 70 NONE LOW

Fe Al 100 NONE LOW

Fe Al 475 NONE ADHERED

Fe Al 625 EXTENSIVE ADHERED

TABLE 4.4.

The effect of substrate preheat level on coating adhesion and interfacial 
alloy formation when aluminium was plasma sprayed onto lightly oxidized 
grit blasted mild steel substrates.

Substrate Coating Preheat level 
(°C)

Interfacial Alloy 
Formation

Quality of 
Adhesion

Fe Al 25 NONE LOW

Fe Al 85 NONE ADHERED

Fe Al 425 NONE ADHERED

Fe Al 625 EXTENSIVE ADHERED

TABLE 4.5.

The effect of substrate preheat level on coating adhesion and interfacial 
alloy formation when aluminium was plasma sprayed onto grit blasted mild 
steel substrates prchcaited in a reducing atmosphere.



Substrate Coating Preheat Level 
(°C)

Quality of 
Adhesion

Fe Al 25 NONE
Fe Al’ 50 NONE
Fe Al 100 NONE
Fe Al 150 LOW
Fe Al 200 ADHERED

TABLE 4.6.

The effect of substrate preheat level on adhesion 
of coatings formed when aluminium was plasma 
sprayed onto polished mild steel substrates preheated 
in a reducing atmosphere.

Substrate Coating Quality of 
Adhesion

MgO Al NONE
SaO M ADHERED

Al ADHERED
NiO Al ADHERED
CuO Al ADHERED

TABLE 4.7.

The adhesion of plasma sprayed alimiiniimi coatings to 
cold pressed metal oxide substrates sprayed at 
ambient temperature.



'd' Spacing 
(A)

Estimated 
Rel. Int. Inference

4.80 Very Weak
2.96 Very Weak
2.52 Weak
2. 32 Strong Al
2.13 Very Weak Unknovm
2.09 Weak "'''3''4
2.02 Medium Al
1. 71 Very Weak
1.61 Weak
1. 48 Weak
1.425 Medium Al
1. 325 Very Weak Fe^O^ (?)
1.280 Very Weak
1.255 Very Weak Unknown
1.220 Medium fll, Fe^Oj (?)
1. 165 VJeak Al
1.120 Very Weak
1.090 Weak

1 1.045 Very Weak ^®3°4
j 1.010 Weak Al
■ 0.970 Very Weak

0.939 Very Weak '■h°4
0.929 Weak Al
0.905 Weak Al

TABLE 4.8. ■

A powder camera x-ray diffraction pattern 
of the product of sintering aluminium and 
magnetite powders together at lC)O^C for 
5 hours in a neucral atmosphere.



'cl' Spacing 
(A)

4.0.1

3.93

3. 81

3.66

3.54

3. 491

3.454

3.338

3.240

3.185

2.560

2.536

2. 456

2.367

2. 328

2.246

Estimated 
Rel. Int.

Very Weak 

Very Weak 

Very Wea]< 

Very Weak 

Very Weak 

Very Weak 

Weak

Very Weak 

Very Weak 

Very Weak 

Very Weak 

Weak

Very Weak 

Very Weak 

Weak

Very Weak

Inference

Al^Fe (?) 

Unknown

Al^Fe (?)

AijFe

A 1 P 3

Unknown

AlgFe

Al^Fe

Unknown

AI2O3 
Fe^O^ (?) 

Al^Fe Ô ^

A l y e

Al^Fe

AlgFe

'd' Spacing 0
(A)

Estimated 
Rel. Int. Inference

2.158 Very Weak Al^Fe

2.118 Very Weak AlgFe

2.087 Medium AljFe, AI3O3

2.075 Medium Al^Fe •

2.047 Medium Al^Fe

2.030 Weak Fe (?)

2.016 Weak Ai^Fe, Al^Fe 0^
1.982 Very Weak Al^Fe

1.933 Very Weak Al^Fe

1.901 Very Weak Unknown

1. 735 Weak

1.596 Medium AI3O3

1.504 Very Weak Unknown

1.444 Weak Al^Fe

1.430 Very Weak Al^Fe, Al^FeO^, Fe (?)

1.401 Weak Al3Fe^ Al^O^

TABLE 4.9.

A powder c?jnera x-ray diffraction pattern of the product of sintering 
aluminium and magnetite powders together at 900 C for 5 hours in a 
neutral atmosphere.
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'd' Spacing 
o(A)

Estimated
Relative
Intensity

Inference

4.27 Strong Al^Cu

3.03 Medium Al^Cu

2. 365 Medium/Strong AljCu

2. 330 Medium Al

2.2461
Very Weak Unknown

2.143 Medium AlgCu

j 2.114 Medium/strong Al Cu
1
j 2.090 Medium/strong Cu

2.049 Very Weak Unknown

2.017 Very Weak Al

1.914 Medium AlgCu

1. 896 Medium Al^Cu

1.804 Medium Cu

1.610 Weak Al^Cu

1.505 Weak AlgCu

1. 429 Very Weak Al

1.408 Weak AlgCu

1.391 Weak AlgCu

1. 356 Weak AlgCu

TABLE 4.11.

A pov/dor camera x-ray diffraction pattern of the 
alloy formed when aluminium was plasma sprayed 
onto an oxidized copper substrate preheated to
eoo°c.
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Substrate Coating Preheat Level 
(°C)

Quality of 
Adhesion

Cu Al 25 NONE
Cu Al 50 NONE
Cu Al 100 NONE
Cu Al 150 NONE
Cu Al 200 ADHERED/LOW
Cu Al 250 ADHERED/LOW

TABLE 4.13.

The effect of substrate preheat level on the 
adhesion of coatings formed when aluminium 
was plasma sprayed onto polished copper substrates 
preheated in a reducing atmosphere.

Subs trate Coating Preheat Level 
(°C)

Interfacial Alloy 
Formation

Quality of 
Adhesion

Au Al 215 NONE NONE
Au Al 425 LIMITED ADHERED
Au Al 660 EXTENSIVE ADHERED

TABLE 4.14.

The effect of substrate preheat level on
the adliesion of coatings formed when aluminium
was plasma sprayed onto polished gold substrates.



Subs trate Coating Preheat Level 
(°C)

Quality of 
Adhesion

C Al 215 NONE
C Al ’ 410 ADHERED
c Al 605 ADHERED

TABLE 4.15.

The effect of substrate preheat level on the 
adhesion of coatings formed when aluminium was 
plasma sprayed onto polished graphite substrates.

Element Transfer to 
Aluminium

Bismuth TRANSFERRED
Antimony TRANSFERRED
Magnesium TRANSFERRED
Gold NOT TRANSFERRED
Copper TRANSFERRED
Manganese TRANSFERRED
Silver TRANSFERRED
Iron TRANSFERRED

TABLE 4.16.

Details of the elemental transfer of metallic layers 
to the aluminium spray coating when aluminiiun was 
plasma sprayed on vacuum evaporated metallic layers 
on a copper base held at ambient temperature.



Substrate Coating iooo°c
Substrate wrt. Coating

Preheat Temp. Quality of 
Adhesion

Au
Cu
Ni
Fe
Ti
Al
I4g

Al -
Al +160
Al +142
Al +120
Al +42
Al ZERO
Al -23

215 NONE
200 ADHERED/LOW
215 ADEERED
220 ADHERED
190 ADHERED
250 NONE
190 NONE

TABLE 4.17.

The relationship between the adhesion of plasma sprayed aluminiura 
coatings on preheated polished metallic substrates and the 
difference in the standard free energies of oxide formation 
for the oxides of the substrate with respect to the coating.

r Substrate Coating Preheat Level 
C°C)

Surface Damage 
Intensity

Mg Al 190 Light
Al Al 250 Light
Ti Al 190 None
Fe Al 220 None
Fe Al 100 Light
Fe Al 150 Light
Ni Al 215 None
Cu Al 200 . None
Au Al 215 Damaged

TABLE 4.18.

The intensity of substrate surface damage due 
to plasma sprayed alurainiuin particles impinging 
on the non oxidized polished substrate.



SUBSTRATE COATING METAL

Mg Ti Ta Cr Zn Fe Mo Ni Pb Cu

Mg M N L* - N - -
X

A -

Al L A L A N ^/l A L A L

Fe L L A N L A A N* A N

Cu L N* N* N* A N* N* N* L N*

Au N N* N* N* N A N N* A L

TABLE 4.19.

The quality of adhesion of selected metallic 
coatings plasma sprayed onto polished metallic 
substrates preheated to 200 C in a hydrogen 
atmosphere. (A = Adl’ierent, L = of low adhesion, 
N = Non adherent, * = coating did not form 
readily).



SUBSTRZiTE COATING METAL

Mg Ti Ta Cr Zn Fe Mo Ni Pb Cu

Mg - P P - N - - - A -

Al N A N N N N P P P A

Fe N P N P N - A N P N

Cu P N P N A P N N P -

Au P P A N A P P P A P

TABLE 4.20.

The occurrence of substrate/coating interfacial 
alloying when selected metallic coatings were 
plasma sprayed onto polished metallic substrates 
preheated to 200 C in a hydrogen atmosphere 
(A = Interface Alloyed, P =.Interface possibly 
alloyed, N = No apparent interfacial alloy).

SUBSTRATE COATING METAL

Mg Ti Ta Cr Zn Fe Mo Ni Pb Cu

Mg L D D - L - - - X -

Al L X D D L D D D X S

Fe D D L D L D D D X X

Cu L N L D D L D L L L

Au D X D D X X X D X X

TABLE 4.21.

The intensity of sulistrate surface damage caused by 
the plasma spraying of selected metallic coating 
materials impinging on the polished substrate surface 
preheated to 200 C in a hydrogen atmosphere.
(Substrate surface extensively damaged (X), damaged 
(D), lightly damaged (L) and No apparent damage (N) .



Original 
Surface Finish 
of Steel

Oxidation
Treatment

Oxide
Formed

Preheat Level 
(°C)

Level of Adhesion 
Kgf cm 2

lym Passivated Hydrated 25 Zero

lyra Passivated Hydrated 120 Zero
lym Passivated Dehydrated/

Powdery
200 5

lym Ar/HgO
500°C for 30mins

Magnetite 
( «70 K)

220 Zero

lyai 0
225°C for ISmins

Haematite 
( «70 %)

220 Zero

lym NONE 'N
25 Zero

lym NONE - 220 100 —  400

Grit Blasted NONE - 25 Zero— 150

Grit Blasted NONE - 220 100 — 200

TABLE 4.22.

The level of coating adhesion observed when aluminium 
was plasma sprayed onto prepared mild steel substrates.



Iron 12.1 Magnetite (Fe^oy 14.9
Haematite (Pe^O^) 14.9
Wustite (FeO) 15.2

Copper 18.6 Cuprite (CUgO) 4.3
Tcnerite (CuO) 9.3

Aluminium 23.5

TABLE 5.1.

Thermal coefficients of linear expansion of 
metals and their oxides (xlO^ °C ).



Al^Fe^ (136) Al I'e (146) Al Fe^ (136) Al Fe (146)

d ' Spacing *d' SpacingRelative
Intensity

Relative
Intensity

Relative
Intensity

'd' Spacing 'd' Spacing Relative
Intensity

4.90 1.80 lO
4.05 40 1.77 10
3.95 1.7640

3.8625 1.70
3.68 1.6360
3.54 1.5960
3.33 1.5520
3.26 20 1.5210

3.2040 16 1.48
2.3910 1.45 60

2.36 10 1.43 60
2.34 60 1.42
2.25 '40 1.41 20
2.23 40 (g)

lO
1.40 40

2.16 1.3910
2.12 40 1.37 20

2.11 1.35 1.35100 40
2.09 lOO 1.30
2.08 40 1.29 60
2.06 1.2840 20

1.2710
100 2.05 1.24

1.212.04 100 16
2.02 lOO 1.18
1.98 20 1.15

lO 1.94 1.10
1.93 1.0940
1.91 20 10 1.07

1.90 1.03
1.84 1.02

TABLE 5.2.

A comparison of the standard diffraction patterns for T] Al^Fe^ and Q 
Al^Fe (136, 146).



Element Density^ 
(gm cm )

Mass of Spray . 
Particle (x lO gms)

Mg 7.4 1.02 :
A1 2.7 1.03
Ti 4.5 7.95
Ta 16.6 0.41
Cr 7.1 2.71
Zn 7.14 '• 0.98 \
Fe 7.87 3.00
Mo 10.2 10.68
Ni 8.9 0.22
Pb 11.7 1.61
Cu 8.96 3.42

TABLE 5.3.

The density of the coating materials and 
the masses of the powder particles 
corresponding to the maximum of the particle 
size distribution.


