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Introduction 
Kurt H. Stern 

1.1 PROTECTIVE COATINGS 

Modern technology has placed increasing stresses on the material used for 
a variety of technological uses. Both the uses and the stresses have probably 
grown at a greater rate than the number of materials that can be used to 
meet them. This is particularly true for structural materials which are almost 
entirely metallic. Although much has been done by producing new alloys 
with improved properties, there is a limit to the protection that can be 
afforded by this means alone. For this reason coatings have played an 
increasing role in protecting the structural metals from stress. 

1.2 STRESSES 

Stresses can conveniently be classified into a few types. 

1.2.1 Wear 

Wear occurs when material is removed from a surface by abrasion, i.e. the 
moving of one surface over another which, in severe cases, may result in 
detachment of the coating, and by erosion, the loss of material from the 
impact of high velocity particles. 

Metallurgical and Ceramic Protective Coatings. Edited by Kurt H. Stern. 
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2 Introduction 
1.2.2 Chemical attack 

This may occur both in the gaseous and liquid phase, particularly at high 
temperatures, and includes attack by ambient oxygen. Corrosive liquids 
include acids and bases, molten salts and slags, i.e. molten oxides and silicates. 
Chemical attack may include a combination of these, such as occurs in marine 
gas turbines when ambient oxygen, droplets of sea salt and sulfur impurities 
in the fuel combine to form molten sodium sulfate which attacks the metallic 
turbine blade coating. 

1.2.3 High temperatures 

Structural materials may undergo undesirable changes when their temperature 
is raised, such as mechanical weakening or increased susceptibility to other 
kinds of attack. One approach to this problem is the application of thermal 
barrier coatings which reduce the substrate temperature. Another is the use 
of ablation coatings which reduce the surface temperature of space vehicles 
reentering the earth's atmosphere by removing excess heat as the heat of 
vaporization of the coating material. 

1.3 SELECTION OF COATING MATERIALS 

The types of materials used for coatings are relatively few - metals and a 
few classes of inorganic (ceramic) compounds (oxides, carbides, borides and 
nitrides) singly or in combination. Note that many useful coating materials, 
such as paints and plastics, are not mentioned here because this book deals 
with stresses which are too severe for them. 

In selecting a coating material it is necessary to consider the uses to which 
it will be put. Factors to be considered include: 

(a) the properties of the coating material itself - its melting point, hardness, 
vapor pressure, density and thermal expansion coefficient; 

(b) the resistance of the coating material to the attack expected; 
(c) the compatibility of the coating and substrate over the temperature range 

of the expected application. This includes the minimizing of thermal 
stresses, by matching thermal expansion coefficients, and the provision 
of good coating-substrate adhesion. Some interdiffusion may be desirable, 
but an excessive amount, such as may occur with silicon plating at high 
temperatures, may only lead to bulk diffusion and alloy formation; and 

(d) the cost. Ultimately whether or not a particular coating will be used 
depends on the trade-off between the benefits to be gained and the 
additional cost to be incurred. When the application is critical, and the 
consequences of failure disastrous, higher costs are usually justified, 
particularly when there exists no reasonable alternative. However, cost 
is always a 'moving target' since a great need frequently leads to 
improvements in existing methods and the development of new ones. 
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It has recently been argued [1] that the rapid introduction of tribological 
coatings will require closer cooperation between coating experts and mechanical 
engineers if a new coating is to be successfully introduced. Coating experts 
use the following parameters to identify a new coating; coating method, 
composition, thickness, hardness, coating-substrate adhesion and friction 
and wear data, e.g. pin-on-disk. The following information is required by the 
mechanical engineer to design a coated machine element: Young's modulus, 
Poisson's ratio, thermal expansion coefficient, thermal conductivity, density, 
specific heat of both coating and substrate and information on residual 
stresses to assess the overall stress level exhibited by the coated body. 

The authors point out that the information produced by the coating expert 
is largely useless to the designer. Coatings will only be introduced if the 
elements needed in design analysis are furnished together with the coating. 

1.4 METHODS OF APPLICATION 

New methods for applying coatings, improvements in existing methods, and 
new applications have proliferated in recent years, driven by technological 
need. As Bunshah [2] has pointed out, there is no unique way to classify 
these methods, which may, for example, be classified as vapor vs. condensed 
phase, chemical vs. physical, or atomistic vs. bulk. 

Most of the coating methods are described in journal articles and conference 
proceedings which leave the nonspecialist potential user with a bewildering 
number of choices with which he is probably not equipped to deal. Books, 
which might be expected to take a broader view, are in short supply. 
Prominent among current books is the volume edited by Bunshah [2] which 
deals largely with vapor phase methods and the recently published book on 
ceramic films and coatings edited by Wachtman and Haber [3], which 
includes both protective coatings and coatings for electronic and optical 
applications. Note that both of these books are multiauthor, in recognition 
of the fact that no single individual can be intimately familiar with all the 
curently used methods for applying coatings. 

1.5 ELECTROPLATING - AN EXAMPLE OF A TECHNOLOGY 

The electroplating of metals from solutions, nearly always aqueous and at 
ambient temperature, has its roots in the work of Faraday, who enunciated 
the fundamental laws bearing his name, laws which relate the quantity of 
electrical charge passed between the electrodes in solution and the quantity 
and valence of material deposited. Long before more modern methods of 
depositing coatings were developed, many of the principles relevant to 
electroplating, such as the thermodynamics of electrode potentials and the 
kinetics of diffusion and the movement of ions under an applied field in 
solution, as well as their discharge at the electrode surface, had been worked out. 
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There have also been more recent developments. Many ofthese developments 
are scattered in the journal literature and have not yet found their way into 
books for the general technical reader. 

A recently introduced method for improving the properties of electroplated 
coatings is the pulsed reversed current (RC) technique [4]. The cathodic 
curent is periodically interrupted by an anodic pulse which briefly redissolves 
some of the just deposited coating. This introduces two more parameters 
into the plating process: the pulse frequency v and the duty cycle T /(T + T'), 
where T is the (cathodic) deposition time and T' is the (anodic) dissolution 
time. Obviously T > T'. Optimizing RC conditions can lead to improvements 
in coating smoothness, and texture, somewhat comparable to the use of 
organic brighteners. 

Another technique which has recently received increased attention is the 
electrodeposition of layered alloy coatings, usually called cylic multilayered 
(or compositionally modulated) alloy coatings (CMA). Although the technique 
goes back to early work by Brenner [5], it was more recently revived and 
extended by Cohen, Koch, and Sardi [6] who showed that layered coatings 
of Ag-Pd could be plated from a single bath by periodic alteration of current 
or potential. Spacings of less than 100 nm were achieved. Subsequently, 
spacings of Cu - Ni alloys as small as 0.8 nm were achieved by Yahalom and 
Zadok [7]. As poi ned out by Lashmore and Dariel [8], electrodeposition 
presents, in principle, several advantages over vapor phase methods for the 
production of layered alloys. Among them is the strong tendency for the 
coating to grow epitaxially and thus form materials with a texture determined 
by the substrate; the process is inexpensive and can easily be scaled up for 
plating large parts; and it is carried out at room temperature, avoiding 
coating-substrate diffusion. 

These alloys have been of interest for their mechanical, electrical and 
magnetic properties [9]. In the context of this book the interest is in 
mechanical properties. It has been shown [10] that CMAs exhibit increased 
fracture strength, as much as three times that of the constituent metals, and 
enhanced wear performance in both dry sliding and in lubricating conditions. 

Much remains to be learned about CMAs - which alloys can be plated, 
optimization ofthe plating parameters and relation ofthe coating characteristics, 
such as layer spacing, to the properties of interest, but it is already clear that 
work in this field is worth pursuing. 

Although the editor wished to include a chapter on electrodeposition in 
the present volume, he was unable to find anyone willing to write it. It is 
interesting that the most recent book on electroplating written by a single 
author is the monumental two-volume Electroplating of Alloys by Brenner 
[5], which includes historical background, basic principles and a thorough 
discussion of all the alloys that could be plated from aqueous solution. 
Brenner was chief of the Electrodeposition Section at the National Bureau 
of Standards (now NIST, the National Institute of Standards and Technology) 
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who devoted his entire career to this field. There are very few recent books. 
Frederick Lowenheim's Modern Electroplating [11] is an excellent multiauthor 
text, published in 1974, which covers both general principles and includes 
chapters on all the important metals and many alloys. The recent book by 
Dini [12], although it has 'electroplating' in its title, deals primarily with the 
properties ofthe plated coatings, such as porosity, stress, corrosion and wear, 
rather than with methods for plating metals and alloys. 

The current situation, that of rapidly expanding scientific and technical 
fields that no single person can master, as well as the increasing demands 
placed on scientists, particularly in technology, has probably mitigated 
against broad, single-author books. The trend seems to be toward multiauthor 
books, but even they require an editor to organize them. The present book 
is a good example. I was recently asked to write an entire book on coatings, 
but found this well beyond my competence, though I agreed to write some 
chapters related to molten salt electroplating. Urged to serve as editor, I 
spent six months learning about coatings and trying to decide what should 
be in the book. Thus I must take whatever responsibility attaches to the 
selection of topics. 

1.6 PLAN OF THIS BOOK 

The purpose of the present volume is to explore in detail several methods, 
primarily carried out in the condensed state, which have not been reviewed 
recently. Although the emphasis is on the condensed state, some of the 
methods cannot be classified unambiguously. For example, although pack 
cementation is carried out by packing articles to be coated into a container, 
surrounded by a powdered mixture, the actual formation of a corrosion
resistant layer occurs by gas phase transport from the powder to the metal. 

The methods also differ widely in the degree to which they have become 
technologically established. Thus, pack cementation is a currently used 
industrial method, with relatively little basic science still to be done. On the 
other hand, the electrodeposition of refractory metals and compounds is 
almost entirely in the basic research phase, and is included because it has 
the potential for giving rise to a useful technology. 

In addition to the chapters on coating methods, chapters on coating 
corrosion and the measurement of coating adhesion have also been included. 
Coating corrosion is a serious problem at high temperatures in corrosive 
atmospheres, and much effort has gone into reducing it. Coating adhesion 
is of great importance in preventing the removal of a coating from a substrate 
by mechanical stresses. 

The book begins, because of the editor's interest, with three chapters on 
electrodeposition from molten salts. Refractory metals, because of their 
desirable properties, had been the object of interest for a long time until 
many futile efforts showed that hydrogen overvoltage problems prevented 
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them from being plated from aqueous solutions. It was not until the 1960s 
that Senderoff and Mellors showed that adherent, smooth deposits of all the 
refractory metals could be plated from alkali metal fluoride melts. However, 
commercialization of the process has lagged because of the stringent 
conditions required for melt purification and atmospheric control, and the 
corrosive nature of fluoride melts. Although some metals, e.g. tantalum, have 
been plated commercially, further spread of the method may depend on 
current research in finding other melts, such as chlorides, and lowering the 
temperature from the 700-800 °C range required for fluorides. 

Metalliding differs from electroplating primarily because it employs higher 
temperatures rather than an applied voltage. These higher temperatures cause 
diffusion of the anode material to produce alloys within the cathode material, 
rather than coatings on the surface. The process was invented by Cook at 
the General Electric Company during the 1960s. He found nearly four 
hundred combinations to be feasible, with the diffusing element being the 
more electromechanically active. In spite of this success, General Electric 
chose not to continue this effort and turned over its patents to the Metalliding 
Institute of Gannon University in Erie, Pennsylvania, which provides 
consulting services to companies inerested in using the methods. However, 
there have been virtually no publications on the method in the scientific 
literature, and the information in Chapter 3 is based on the original patent 
literature. The subject is included because it produces highly useful coatings 
(surface alloys) and deserves to be more widely known. 

There are only a few classes of refractory compounds which can be 
electroplated - borides, carbides and silicides - all of them from molten 
salts. Titanium boride is plated commercially (from borate melts) because of 
its excellent corrosion resistance to hot, concentrated aqueous brines. But 
work on electroplating other compounds is still in the research phase; these 
coatings are applied by chemical vapor deposition (CVD) or alternative 
methods. The high temperatures and long times required for silicide coatings 
tend to promote silicon diffusion into the substrate (siliciding) and require 
a barrier coating to produce a coating of uniform composition. Nevertheless, 
for some applications, such as large objects, electroplating may be superior 
to other methods, and further research seems warranted. Use of melts less 
corrosive than fluorides and use of lower temperatures would, as for metals, 
make electrodeposition of compounds more useful. 

Unusual among all the methods for applying ceramic coatings, in that it 
begins with colloidal dispersion, is sol-gel coating. Of interest because ofits 
versatility, low processing temperature and low cost, sol-gel coating has 
been used to prepare moisture and diffusion barriers, to improve the fracture 
resistance of ceramics and to make plastics wear and scratch resistant. 
Brincker et al. describe the scientific aspects of film formation in detail. They 
begin with its application by dipping the substrate into the sol or by 
spin-casting the solon the substrate, and they end with its consolidation as 
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a ceramic coating. The physics required to describe the entire process is 
formidable. As an example of an application the authors describe the 
protection of optical devices on space vehicles from attack by atomic oxygen 
in the upper atmosphere. 

Lasers provide a unique tool for high quality surface modification. They 
are used to form surface alloys by melting a thin layer at the surface of a 
metal while simultaneously adding the desired surface element. The rapid 
solidification, resulting from the passage of the laser over the surface, often 
leads to novel metastable phases and superior properties. If the dilution of 
the surface region by the substrate metal is minimized, the process is called 
laser cladding. 

A rather different application oflasers is chemical vapor deposition (LCVD) 
in which deposition is achieved by photo dissociation or by thermal dissociation. 
It differs from the usual CVD in that deposition is localized. Various aspects 
of this technique, and the use of lasers in surface modification generally, are 
described in detail by Mazumder in Chapter 5. 

In contrast to laser cladding, thick coatings may also be applied by 
mechanical means, usually referred to as solid phase cladding. Dunkerton 
provides a comprehensive review of the methods used to form coatings in 
the 0.5-5.0 mm range, including explosive cladding, the high velocity impact 
of plates and isostatic pressing. Emphasis is on the newer methods, such as 
friction surfacing, in which a rotating consumable is brought into contact 
with a stationary substrate. The bar is heated by friction, resulting in a 
plasticized layer which spreads over the substrate. Advantages include no 
melting of the coating or the substrate, excellent adhesion and the wide 
variety of possible combinations. So far, the method has been applied to 
steels and aluminum alloys, and has found use in reclaiming worn parts and 
forming the edges of cutting tools. 

Thermal barrier coatings, generally stabilized zirconia, are used primarily 
to protect gas turbines and their metallic coatings, such as the MCrAIY 
alloys (M = Ni, Co, Ni, AI, Y). Their application permits higher operating 
temperatures and results in significant increases in efficiency. 

Jones describes work in this field: the optimizing of coating composition, 
such as Y 203 or Hf02, which stabilize ZrOz in its high temperature tetragonal 
or cubic form; methods used to produce the coatings; and their failure modes, 
such as oxidation, hot corrosion and cracking. This is a technologically 
important field in which science and technology interact. 

Pack cementation has been used for several decades to produce wear- and 
corrosion-resistant coatings on inexpensive or otherwise inadequate substrates. 
The method is a quasi-CVD batch process in which the part to be coated 
is packed in a sealed container, surrounded by a mixture consisting of the 
metal to be coated, frequently chromium or aluminum, a halide salt activator, 
e.g. NaCl, NaF or NH4Cl, and an inert filler material. Heating to 800-1000 °C 
forms volatile halides which deposit on the substrate and cause the coating 
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metal to diffuse into the substrate. Bianco and Rapp describe the process in 
detail and discuss recent work on the formation of alloy coatings. 

Coatings may also be applied by spraying metal or ceramic powders, 
melted by oxyfuel combustion or electric arc plasma, onto metallic substrates. 
Herman and Sam path provide a comprehensive overview of the method, 
including the relation between the feed material characteristics and the 
properties of the deposit. These coatings provide an important means for 
improving wear and corrosion protection. 

All metals are subject to corrosion by gases, such as oxygen, sulfur and 
CO2 , as well as by molten salts (Na2S04 , NaV03 ) at high temperatures. 
Coatings confer oxidation resistance by forming protective reaction barriers, 
such as A120 3 , Si02 and Cr20 3 • Birks, Meyer and Pettit discuss the types 
of degradation suffered by metallic and ceramic coatings, and methods for 
alleviating this problem. Engineers are constantly raising the operating 
temperatures of engines to improve thermodynamic efficiency; coatings which 
were adequate at lower temperatures may no longer be adequate, and the 
corrosion problem will persist. The contents of this chapter are always likely 
to be relevant. 

Finally, we consider one of the most important requirements of a coating; 
its adhesion to the substrate. If a coating is to be used successfully, it must 
not detach under conditions of use. Thus the tests which measure adhesion 
must themselves be carefully evaluated to see that they meet this need. 
Rickerby describes the various adhesion tests, giving a fundamental viewpoint, 
e.g. the forces involved, and the practical tests - from those that measure the 
breaking of coating-substrate bonds to those that pull off the coating 
mechanically. 
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2 

Electrodeposition of refractory 
metals from molten salts 
Kurt H. Stern 

2.1 INTRODUCTION 

The refractory metals are generally considered to consist of the nine elements 
from Group IV to VI of the periodic table, as shown in Table 2.1. The term 
refractory refers to their high melting points, and indeed the melting points 
range from 1675 °C for titanium to 3410 °C for tungsten. The melting points 

Table 2.1 Selected properties of the refractory metals 

Refractory Atomic Melting point Boiling point 
metal number CC) CC) 

Titanium 22 1670 3280 
Vanadium 23 1895 3400 
Chromium 24 1867 2670 
Zirconium 40 1853 4375 
Niobium 41 2468 4700 
Molybdenum 42 2615 4700 
Hafnium 72 2220 5400 
Tantalum 73 2996 5427 
Tungsten 74 3410 5600 

Metallurgical and Ceramic Protective Coatings. Edited by Kurt H. Stern. 
Published in 1996 by Chapman & Hall, London. ISBN 978-94-010-7171-0 

Density 
(gjcm 3 ) 

4.51 
6.1 
7.14 
6.44 
8.66 
9.01 

13.2 + 0.1 
16.63 
19.3 
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increase left to right and top to bottom of the periodic table. However, these 
melting points are by no means exceptional; several of the platinum group 
metals have similar high values (osmium 3000 °C, platinum 1769°C), but 
these metals are too expensive and too soft to be useful in structural 
applications. In contrast, the refractory metals are as hard as most structural 
metals, e.g. iron and nickel, but are also, with some exceptions, fairly readily 
available. Some of them are used in alloys, such as vanadium to improve 
the properties of steel. However. the major attraction is their corrosion 
resistance; in a wide variety of gaseous and aqeous environments [1-4] it is 
generally superior to that of the structural metals. Since refractory metals 
cannot compete with the structural metals in either price or availability, it 
has proved useful to combine the strength, machinability and low price of 
the structural metals with the corrosion resistance of the refractory metals 
by using them as coatings on the structural metals. In addition, refractory 
metals have good thermal and electrical properties and may well be useful 
in joining dissimilar materials, such as metals and ceramics, through the 
formation of thin, reactive intermediate layers [1]. For example, the use of 
chromium to protect steel from aqueous corrosion is well known. Additionally, 
some of the refractory metals are in short supply, and considerable savings 
would result from using them as coatings. 

Methods for producing metallic coatings can be divided into two major 
categories: vapor phase and condensed phase. As has been pointed out by 
Bunshah [5], beyond this general classification there is no unique way to 
categorize the many methods which have been developed. In general, vapor 
phase methods have been described in the book edited by Bunshah, whereas 
this book deals primarily with condensed phase methods. 

The major condensed phase technique for producing refractory metal 
coatings is electrodeposition. Most electrodeposition, or electroplating, is 
carried out in aqueous or nonaqueous solutions at ambient temperature. 
This topic has been discussed in a previous chapter. However, the only 
refractory metal which can be plated in this way is chromium. It is not 
surprising that the first atempts to plate the refractory metals were made in 
these media. The early attempts to plate tungsten in this way, all of which 
ended in failure, have been recounted by Davis and Gentry [6]. Similar 
failures occurred with other refractory metals. Although the precise reasons 
are open to argument, it is an experimental observation that any attempt to 
plate pure refractory metals from aqueous solution always produces hydrogen 
first. However, alloys of refractory metals with ferrous metals can be plated [6]. 
Similarly, attempts to electrodeposit refractory metals from nonaqueous 
solutions at ambient temperatures were also unsuccessful [6]. In addition to 
more fundamental reasons, these solutions exhibit low electrical conductivity 
and low solubility of potential metal precursors. 

By the 1950s it had become apparent that molten salts offered the only 
potential route to the electrodeposition of the refractory metals. Before 
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proceeding to a discussion of experimental methods and the individual metals, 
we define several techniques, all of which can loosely be called 'electrodeposition'. 

2.1.1 Electrowinning 

The term electro winning can be applied to any electrochemical process in 
which the metal is produced, in any form. In practice, it is commonly applied 
to the formation of the metal in non adherent form, e.g. as a powder. This is 
useful if further processing is to take place. 

2.1.2 Metalliding 

Metalliding is a quasi-electrochemical process which results in the formation 
of a diffusion coating. The element to be diffused is made the anode of a 
molten salt electrochemical cell (usually fluoride), with the substrate as 
cathode. If the anode material is more active electrochemically than the 
cathode, the anode will diffuse into the cathode when the electrodes are 
electrically connected. Because the process is basically driven by diffusion 
into the substrate, there will be a diffusion gradient in the substrate, and the 
time dependence is diffusion limited. In principle, there is no sharp 
coating-substrate interface. Metalliding is discussed in Chapter 3. 

2.1.3 Electrodeposition (electroplating) 

Electrodeposition results in the formation of a coating of uniform composition. 
It is driven by a voltage applied between the anode, consisting of the metal 
to be plated, and the cathode, which is the substrate to be plated. The molten 
salt medium, in which the anode and cathode are immersed, consists of a 
soluble form of the metal to be plated dissolved in a molten salt solvent, 
such as an alkali metal halide, which does not participate in the plating 
process. Coating thickness is determined by the electrical charge passed 
(current x time), and there is no theoretical upper limit to the thickness which 
may be achieved. In general, there is a sharp interface between coating and 
substrate. With the. elevated temperatures used in molten salt plating, there 
may be some overlap between this technique and metalliding, with some 
coating-substrate interdiffusion occurring at the high temperature end of 
the plating range. Although this is rarely the case for the refractory metals, 
it readily occurs with more active elements such as silicon [7]. 

2.1.4 Electroforming 

Electroforming is, in principle, electroplating. It results when the coating is 
made so thick that the substrate can be removed, e.g. from a mandrel, or 
dissolved away to produce a freestanding article of the coating. For refractory 
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metals it was first demonstrated by Mellors and Senderoff [8], who showed 
that the ductility of the metals produced electrochemically allowed the 
formation of complicated shapes, e.g. condenser tubing, in contrast to the 
brittle metals produced by thermal techniques. 

2.2 EXPERIMENTAL TECHNIQUES 

2.2.1 General 

Several authors have discussed the factors which need to be considered for 
the successful electrodeposition of the refractory metals. These discussions 
include the more fundamenal aspects - melt composition, temperature and 
the detailed chemistry and electrochemistry of the deposition process - as 
well as the engineering aspects of cell design for maximum yield. Inman and 
White [2] addressed both of these in a major review published in 1978. A 
very useful review, covering both electroplating and metalliding was prepared 
by Sethi [3] at about the same time. More recently, Kipouros and Sadoway 
[9] have updated this material in a brief review. I have drawn on these 
reviews without listing all the individual papers cited in them, since these 
are readily available in the literature. 

In what follows, emphasis is placed on factors important for electroplating, 
rather than engineering aspects, for which the review by Inman and White 
[2] should be consulted. The major part of this chapter is divided into two 
parts: the first deals with experimental techniques which are familiar to molten 
salt electrochemists, but not necessarily to electrochemists familiar only with 
aqueous techniques; the second covers the molten salt electrochemistry of 
the nine refractory metals in groups IV A, V A, and VIA of the periodic table, 
with particular emphasis on the reduction processes which lead to metal 
deposition. 

2.2.2 Elements of molten salt electroplating 

The basic elements of electrochemical cell construction are (a) the electrodes, 
anode and cathode, and (b) the container. The cell contains the melt (solvent 
and solute) and the electrodes. 

The operation of the cell requires selection of (a) temperature, (b) 
electrochemical parameters, such as voltage and current density, and (c) 
atmosphere - generally an inert gas. 

Electrodes 

In molten salt plating, the anode is usually the metal to be plated. Most of 
the refractory metals are now available commercially in a form convenient 
for cell construction, generally rods or plates. If only irregularly shaped pieces 
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can be obtained, they can be hung in a wire-mesh basket made of a metal 
which will not react electrochemically under plating conditions, e.g. platinum. 

The cathode is the substrate metal to be plated. For research investigations, 
cathodes are typically small coupons or wires. For voltammetric studies, 
small surface areas, such as the cross section of a thin wire imbedded in an 
inert material, are advantageous, but for corrosive melts, such as fluorides, 
hardly any nonconductor is truly inert, and the melt is likely to creep into 
the annular space between the wire and its containing tube. Consequently, 
the effective cathode area is then unknown. For good coating adherence, a 
cleaning pretreatment of the cathode surface to remove surface impurities is 
usually required. This treatment can be mechanical - grinding and polishing 
- or chemical - acid etching and washing by water and/or organic solvents. 
Some molten salts, such as fluorides, are themselves good cleaning agents 
for removing oxide films, but in any case, successful plating requires clean 
and dry electrodes. 

To obtain a uniform coating the anode-cathode geometry must be 
considered. It is advantageous for the current density (CD) to be uniform, 
so as to avoid edge effects, i.e. thicker or thinner coatings at the edges than 
in the middle. If the inside of a hole is to be plated, the anode should be a 
rod concentric with the hole. Since refractory metals are difficult to machine, 
the plated coating should be as close to final dimensions as possible. 

Athough plating can be carried out between anode and cathode, as long 
as the decomposition potential of the melt is not exceeded, electrochemical 
studies and some plating processes require a reference electrode. The 
fundamentals of electrochemical studies are beyond the scope of this chapter, 
but some discussion of reference electrodes seems appropriate. 

A reference electrode has no current passing through it during the plating 
process, so that the voltage between the working electrode (the cathode for 
metal plating) and the reference can be set independently ofthe anode-cathode 
voltage. Ideally, the reference electrode is thermodynamically reversible. For 
example, if the reference is silver, some silver ions must be in the solution in 
contact with the silver metal, but this solution must not be in contact with 
the plating solution, to avoid mixing. This is usually accomplished by 
enclosing the reference in an envelope of a nonconductor, such as glass or 
ceramic. Electrochemical contact with the plating solution is made either via 
a liquid junction (pinhole), or by using the mebrane properties of the envelope 
such as glass [10-12] or porcelain [13]. Most of the envelope materials are 
suitable for use in nonfluoride halide and sulfate melts, but molten fluorides 
attack glass and many ceramics. However, a reference electrode based on 
NijNi (II) in a boron nitride envelope for use in fluorides has been developed 
[14]. If a reversible electrode is not readily available, an inert metal, such as 
gold or platinum, can be used as a quasi-reference electrode. Such electrodes 
are supposed to maintain a constant potential during the electrochemical 
process. However, this may not always be the case. For example, platinum 
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electrodes were found to shift their potential in fluoride melts when the oxide 
activity, a generally uncontrolled variable, changed [15]. 

The melt 

The molten salt acts as the medium in which electrolysis takes place. The 
solvent is rarely a single salt, but a mixture designed to keep the eutectic 
temperature as low as possible. For example, the melting points of the 
individual alkali metal fluorides are near 800 °C, but the eutectic temperature 
of the frequently used ternary eutectic LiF - NaF - KF (FLINAK) is 456°C. 
In general, it is desirable to keep the plating temperature as low as possible, 
consistent with good coating properties. This requirement sometimes necessitates 
operating considerably above the eutectic temperature; for example, in 
fluoride melts no good coatings are obtained below 700 0C. Much of the 
rationale for this is not well understood, but probably involves shifting 
equilibria among various melt species and/or changes in the electrochemical 
parameters. Such phenomena have been studied for a few cases (see below). 

The solute, a compound containing the refractory metal, must be appreciably 
soluble in the melt, generally 5-10%, and be reducible within the 'electrochemical 
window' of the solvent, i.e. the solute must be reducible in a potential range 
where the solvent is not. For example, Mellors and Senderoff [8] plated all 
the refractory metals from FLINAK, using the fluorides of the refractory 
metals, e.g. K2 TaF 7' as solutes. They are both soluble and reducible. On the 
other hand, the oxyanions of these metals exhibit very different behaviors. 
Thus the tung states (WO~ - ) and molybdates (MoO~ - ) are both soluble and 
reducible; chromates (CrO~ -) are soluble but not reducible; and tantalates 
(TaO; ) are not soluble. Details will be discussed under the individual metals 
and/or their refractory compounds. 

For good quality coatings the melt must be free of impurities. Since 
commercially available chemicals, even of reagent grade, are hardly ever 
satisfactory, they must be purified before use. Many recipes have been used 
to accomplish this [16, 17], but the procedure selected depends on the nature 
of the melt components and the requirements of the particular process. It 
always includes removal of water by vacuum baking at gradually increasing 
temperature (with as much water as possible removed at the lowest 
temperature to avoid hydrolysis), possibly followed by vacuum melting and 
bubbling an inert gas through the melt. This procedure removes water but 
not oxides and hydroxides, which must be removed chemically. Chemical 
steps include sparging with the appropriate dry hydrogen halide gas (HCI 
for chlorides, HF for fluorides) followed by an inert gas; for fluorides NH4F 
has been suggested [17]. In order to remove metallic impurities, such as iron, 
a preelectrolysis of the melt may be carried out as a final step. 

Voltammetry may be used to detect possible interfering impurities in the 
operating electrochemical window. These remarks apply primarily to the 
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solvent. For solutes, vacuum drying at elevated temperatures is usually 
sufficient. Obviously, purification should be carried out on solvent and solute, 
separately, before they are mixed. 

Containers 

The container material should not react with the melt. Thus the material 
selected depends on the melt and the temperature. For nonfluoride melts, 
fused quartz may be adequate, particularly if the melt is dry. For more 
aggresive melts, such as fluorides, metal containers may be required. Nickel 
is adequate up to 1000 °C, but some of its alloys, e.g. Inconel, may be attacked. 
Vitreous (glassy) carbon and platinum are also useful, but are too expensive 
for large-scale plating. 

In any case, the entire corrosion system must be protected from atmospheric 
corrosion. This is accomplished by surrounding it with an inert gas, generally 
argon, which itself should be oxygen-free. For laboratory-size studies an 
inert-atmosphere glove box offers the advantages of visual access to the melt, 
easy manipulation of additions to the melt and easy handling of the electrodes. 
If this is not available, and for all larger operations, a system must be built 
which accomplishes the same objectives. Many designs have been published, 
but they must all provide for: 

1. Immersion of the apparatus in a furnace to keep the melt at the desired 
temperature. 

2. Insertion and removal of electrodes without exposure to oxygen at elevated 
temperatures; possible additions of solute under the same conditions. 

3. No electrical shorting between electrodes. 
4. Insertion of a thermocouple or other temperature-measuring device, 

preferably into the melt, with protection from corrosion. 

For two-electrode plating these requirements are probably sufficient. If plating 
is done with a three-electrode system, i.e. with a reference electrode, both the 
electrodes and the (metallic) melt container must be electrically isolated from 
any outer conducting wall, such as a metal envelope. A recent design proposal 
for large-scale operation [18] accomplishes isolation and also prevents a 
buildup of conducting salt film on the inside of the container. 

Cell operation 

In order to plate a coating, a current must pass between the anode and 
cathode through the melt. A power source to accomplish this may be operated 
either at constant current or constant voltage. Most modern power sources 
permit placing limits on the variable which is not controlled. If only a single 
substance is reducible over a wide voltage range, such an arrangement is 
probably quite adequate; the main requirement is the total current the 
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instrument can handle. Since the quality of the coating, i.e. its physical 
characteristics, is dependent on the electrochemical parameters, particularly 
the CD, some experimentation will be required to optimize the process. 

For three-electrode plating, and for more sophisticated electrochemical 
studies, a potentiostat is required. Potentiostats may be operated in either 
constant voltage or constant current mode. In constant voltage mode, the 
potential between the cathode and the reference is fixed, and the anode-cathode 
current is allowed to flow to maintain this voltage. Which method is preferable 
depends on the particular system. Discussion of the details of potentiostatic 
operation is beyond the scope ofthis chapter, but this information is generally 
available in electrochemistry texts and instrument manuals. A distincton can 
be made between research potentiostats, which allow for very sophisticated 
kinetic studies but are generally limited to currents less than lA, and 
potentiostats used for plating, which are less sophisticated but have the higher 
current capabilities required for plating larger surface areas. 

2.3 THE REFRACTORY METALS 

2.3.1 General 

The refractory metals consist of the nine elements in Groups IVA, VA, and 
VIA of the periodic table. 

IV A: titanium, zirconium, hafnium 
VA: vanadium, niobium, tantalum 
VIA: chromium, molybdenum, tungsten 

As a group they are characterized by high melting points, generally sufficient 
hardness (comparable to those of the structural metals) and good corrosion 
resistance to acids and to oxygen at moderately elevated temperatures. Some 
of these properties are shown in Table 2.1. Hardness depends on the method 
of preparation and is therefore not included. Partly because some refractory 
metals are in short supply and some have high densities, coating them on 
structural metals has been found to be more desirable than using them in bulk. 

Electroplating of the refractory metals has reached different stages for 
different metals. For some, efforts still consist primarily of studies to elucidate 
the electrochemical mechanism for the reduction process; others have already 
been successfully plated. 

The stages of progress toward successful plating can be described as follows: 

(a) Selection of system to be studied: solvent, solute, substrate, and temperature. 
The choices may be based on what is already known, the interests of the 
investigator and practical considerations such as the particular substrate 
required and the properties desired of the coating. 
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(b) Thermodynamics and kinetics of the reduction-deposition process. An 
excellent review of the electrochemistry of all the elements in various 
molten salt systems has been prepared by Plambeck [19]. This book 
covers not only reduction processes, but all molten salt electrochemistry 
and should be consulted before proceeding in this field. 

(c) Selection of the best variables for plating, based on results obtained in 
(a) and (b). 

(d) Design of a practical plating system. This generally involves a scale-up 
from laboratory size to pilot plant and larger. Compromises may have 
to be made at this stage between conditions obtainable in the laboratory 
and in the plant. 

Connections between the various stages are not always clear-cut. For 
example, some investigators describe the details of various electrochemical 
processes because of their intrinsic interest, without necessarily pointing out 
their relevance to plating, whereas others study plating in a more Edisonian 
fashion, without necessarily taking advantage of available electrochemical 
knowledge. 

A successful coating can be judged by meeting various criteria: 

(a) The coating is adherent: it resists mechanical stresses, and is sufficiently 
ductile to follow mechanical deformation of the substrate. A cross section 
of the coating frequently exhibits columnar structure, and is firmly 
anchored to the substrate, possibly by interdiffusion at the coating-substrate 
boundary. 

(b) There is a good thermal expansion match between coating and substrate 
to allow use over a wide temperature range. This factor has to be 
considered when selecting a candidate coating metal for a particular substrate. 

(c) The coating covers the substrate uniformly, with respect to thickness and 
the absence of edge effects. The surface is smooth and requires minimal 
machining. 

(d) The current efficiency (CE) of the process is high, preferably 100%, i.e. 
all the charge passed results in coating formation. 

From an examination of the literature it is clear that the details of the 
plating process, and therefore successful plating, are highly dependent on the 
plating parameters: 

(a) molten salt solvent 
(b) solute, and its concentration 
(c) temperature 
(d) electrochemical parameters: voltage, CD 
(e) substrate 

In general, (a) and (b) determine the solute species in the melt; (c) affects their 
interconversion and its kinetics as well as the eletrochemical kinetics; 
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(e) frequently affects the physical properties of the deposit as well as possible 
interdiffusion zones and alloying. 

Before proceeding to a discussion of the individual metals, the seminal 
work of Senderoff and Mellors in this field must be mentioned. During the 
1960s these workers at the Union Carbide Corporation discovered that all 
of the refractory metals could be successfully plated from molten fluorides. 
Their electrochemical studies in these melts for all metals except titanium, 
hafnium and vanadium were published in the open literature and will be 
discussed in the appropriate section. Detailed 'recipes' are described in their 
patent [8]. 

Most subsequent work has been concerned with substituting less corrosive 
melts from the fluorides, and with lowering the temperature from the 
700-800·C range. 

In what follows, the individual metals will be discussed in order of increasing 
atomic weight in groups IV A, V A and VIA, 

This chapter is not intended to be an exhaustive review of the known 
molten salt electrochemistry of the refractory metals. Rather, the focus is on 
those aspects related to electroplating, i.e. reduction processes. Inevitably, 
the selection of the included material is somewhat affected by personal bias. 

2.3.2 The refractory metals 

Titanium 

Although its excellent corrosion resistance and ready availability make 
titanium a highly desirable coating material, more than 40 years' effort have 
not yet resulted in a well-established commercial process. This is not for lack 
of effort, as the published literature attests, but more likely results from the 
complex chemistry and electrochemistry of titanium in melts. Depending on 
the melt, Ti(IV), Ti(III), and Ti(II) are all species involved in the plating 
process, and some of them, particularly Ti(III), may react with the coating 
already formed to produce Ti(IV) and Ti(II) in an auto-oxidation-reduction 
reaction. 

Already in 1955, Sibert and Steinberg [20] reported a fairly successful 
process for plating titanium on steel from NaCI-K2 TiF 6 melts near 900 ·C, 
but smooth deposits, less than 0.1 mm, were obtained only for fairly short 
periods, after which the coating became porous and dendritic. 

Wurm and coworkers [21-23] examined the chemical aspects ofthe plating 
process in NaCI-KCI in the 600-700·C range, using Na2 TiF 6 and K2 TiF 6 

as solutes. They observed the formation of violet compounds on top of the 
metallic titanium formed on the cathode, and were able to identify these as 
salts of Ti(III), such as K2NaTiF6 . Based on the analysis of frozen melts and 
on voltages observed in their two-electrode cell, they concluded that metallic 
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sodium is the primary reaction product, i.e. 

NaCI = Na + !C12 

19 

and that this metal then reduces Ti(IV) to Ti(III) and subsequently to titanium 
metal. No mention is made of Ti(II). In an extensive series of plating studies 
[23] it was found that smooth deposits were obtained in KI - KF melts (note 
the presence of fluoride), but not in NaI-KI. Similar, but more detailed, 
conclusions about the mechanism were reached than in previous work [21], 
this time based on extensive current - voltage curves in their two-electrode cell. 

A careful, exensive study of titanium electrochemistry in FLINAK and in 
LiF -BeF 2-ZrF 4 melts was reported by Clayton, Mamantov and Manning 
[24, 25] who also give references to earlier work. Linear sweep voltammetry, 
chronopotentiometry and chronoamperometry were used to measure 
electrochemical parameters for the processes 

and 
Ti(IV) + e = Ti(III) 

Ti(III) + 3e = Ti(O) 

Potentials are given versus the reversible NifNi (II) reference electrode. Since 
all their studies were carried out at 500 'C, there is some question whether 
their results are directly applicable to plating, since this generally requires 
higher temperatures. A similar study in NaBF 4 at 420'C [25] gave similar 
results. The absence of Ti(lI) in this work may be noted. In an extensive 
series of studies, a group of French workers [26-29] studied the reduction 
of TiCl4 in several chloride melts. Since TiCl4 is a vapor (m.p. 136'C) even 
at 550 'C, the temperature of the experiment, it was introduced near the 
cathode by transpiration. Reduction waves were observed for Ti(IV)--+ Ti(III), 
Ti(lI) and Ti(lI) --+ Ti(O). The reduction process is strongly dependent on the 
melt cation. For example, in the presence of 'complexing' ions, such as K + , 
Rb+, or Cs+, the anionic complex TiCI~- is formed. In BaCI2-KCI-LiCI, 
Ti(III) is strongly complexed and the reduction proceeds through a single 
step: Ti(III) --+ Ti(O). At 700'C the situation is similar [28, 29]. The authors 
have summarized their results in a chart which relates the melt composition 
to the titanium reduction reactions. It is interesting that the anodic oxidation 
of titanium results in the formation of Ti(lI) [30,31] in LiCl-KCl, since this 
implies that it is subsequent steps which result in the formation of other 
oxidation states of Ti. For example, if Ti is added to the melt as TiCl4 or 
K2 TiCI6 , and a titanium anode is used which generates Ti(lI) on dissolution, 
complex processes, including those forming Ti(III) must be occurring. This 
complexity of titanium electrochemistry in chloride melts is also apparent 
from other recent reports. In a recent investigation, not readily available in 
the open literature [32], extensive electrochemical studies were carried out 
in the LiCI-KCI eutectic at 450'C. Potentials were measured for the Ti(fi(lI) 
system versus the Pt/Pt(lI) reference. The behavior of the electrode is 
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Nernstian, and thermodynamic data were calculated from its temperature 
dependence. The difficulties of plating titanium from a chloride melt are at 
least partly related to corrosion reactions such as 

2Ti(lII) + Ti = 3Ti(lI) 

From cyclic voltammetry and chronopotentiometry the reduction of Ti(lI) 
was found to be a diffusion-controlled process. Thus the rate of reduction 
of Ti(II) is controlled by the redox reaction which is slower than the electron 
transfer at the cathode. 

In a recent study, oriented toward industrial production, Rolland, Steden 
and Thonstad [33] studied the reduction of TiCl4 in various combinations 
of LiCI, NaCI and KCI over a wide temperature range (450-850 0c) and CD 
(20-150 mA/cm2). Between 20 and 50 mA/cm2 no deposits at all were 
obtained at any temperature. Increased CD produced titanium deposits over 
the entire temperature range, but they were generally dendritic, poorly 
adherent and plated at low CEo 

Based on all the above studies it appears unlikely that titanium can be 
plated in useful form from pure alkali metal chloride melts. 

In contrast to the complicated electrochemistry observed in chloride melts, 
the situation in molten fluorides seems to be simpler, although not yet studied 
in great detail. On the positive side, Ti(lI) seems to be absent, and the 
reduction proceeds through the reversible steps [34, 35]. 

Ti(IV) + e = Ti(lII) 
and 

Ti(lII) + 3e = Ti(O) 

and the titanium salt K2 TiF 6 is easily handled, quite soluble and ionic. 
Indeed, fairly good titanium coatings of 20-30!lm on nickel were obtained 
at 700 °C [36]. On the negative side, temperatures at least this high are 
required for good plating, and fluoride melts are corrosive, necessitating the 
use of metallic containers. Vitreous carbon, frequently used for research, is 
probably too expensive and fragile for industrial operations. Removal of 
oxygenated species by chemical means and/or preelectrolysis is required to 
avoid formation of insoluble titanium oxide on the cathode. On the other 
hand, the introduction of Ti02 into the melt has been reported [37] to improve 
the hardness of titanium by introducing oxygen along the c axis of the 
hexagonal structure. 

Based on the results reported, further study of plating from fluoride melts 
might be useful, since the difficulties associated with chloride melts seem to 
arise from the basic electrochemistry in these media. 

Zirconium 

Although the literature on this metal is not as extensive as that on titanium, 
much of it exhibits parallels. Thus factors which affect the reduction of 
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zirconium species include: 

(a) melt composition, both anionic and cationic 
(b) temperature 
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One major difference is the much lower stability of Zr(III), compared to 
Ti(III), and the only important melt species appear to be Zr(IV) and Zr(II) 
[38, 39]. The effect of temperature is clearly apparent in a polarographic 
study [40] in LiCI-KCI which indicates Zr(IV) as the only species at 450 ·C, 
but finds Zr(II) at 550°C. In a similar study by Inman et al. [41] in the same 
solvent, Zr(II) appeared to be the major product at the cathode. A more 
recent study of Zr(IV) reduction [42] in a pure chloride melt, but with varying 
cationic composition, indicates complexities in the reduction chemistry. For 
example in NaCI at 820 ·C, four very closely spaced reductions were found. 
The authors attribute these to: 

Zr(IV) + 2e = Zr(II) 
Zr(II) + 2e = Zr(O) 

Zr(IV) + 4e = Zr(O) 

and a process involving the complex ion ZrCI~ -. In addition, the auto
oxidation - reduction. 

Zr(IV) + Zr = 2Zr(II) 

also occurs. In LiCI-KCI at 520·C the two-step reduction IV --+ II --+ 0 
occurs. In CsCI the reduction steps are similar, but the complex Cs2ZrCl6 

is more stable. 
In a study more directly related to plating, Mellors and Senderoff [43] 

found that only dendrites of zirconium metal were obbtained by reduction 
of ZrCl4 in LiCI-KCI at 700 ·C, and no deposit at all was produced in 
NaBr-KBr-ZrBr4' again showing the importance of the melt anion. 
However, as with titanium, the most dramatic anion effect is the introduction 
of fluoride. Even in a NaCI-ZrF 4 melt, the only reduction is Zr(IV)--+ Zr(O) 
[38], and the same is true in FLINAK, even at 500°C. 

From a plating perspective, however, in addition to the importance of 
fluoride, the cationic composition of the melt and the temperature are also 
important. For example, only zirconium powder was produced from an 
LiF -NaF -K2ZrF 6 melt, whereas when the melt contained potassium 
(LiF - KF, FLINAK) coherent dense plates of zirconium metal were obtained 
on the cathode at 675-800 ·C, but not at lower temperatures [43]. 

Thus, although some interesting electrochemistry has been explored in 
chloride melts, and indeed zirconium powder can be produced, the formation 
of coherent zirconium deposits requires at least the presence of (a) fluoride, 
(b) potassium and (c) a temperature in excess of 700°C. In order to ameliorate 
the corrosive effects of fluoride, it may be possible to work in mixed 
chloride-fluoride melts, but this has not yet been explored in detail. 
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Hafnium 

There has recently been some interest in the electrochemical reduction of 
hafnium in molten salts [44-46]. In earlier work [47] the only hafnium 
species detected in LiCI-KCI at 450·C was Hf(IV), consistent with a trend 
in which the lower-valent species in group IV decrease in stability with 
increasing atomic weight. The more recent studies have employed the 
NaCI-KCI eutectic in the 700-900·C range, with or without the addition 
of fluoride. The question of whether Hf(II) exists in this melt is not entirely 
settled. Kuznetsov et al. [44] report this species to be an intermediate in the 
reduction of Hf(IV), with the process Hf(IV)~ Hf(II) being reversible, 
whereas Poinso et al. [46] report Hf(IV) as the only species. Poinso et al. 
carried out their study with tungsten electrodes, whereas Kuznetsov et al. 
used platinum, which may alloy with hafnium. It is not clear whether this 
accounts for the different results. 

There is general agreement that hafnium fluoride complexes, e.g. HfF~ - , 
are more stable than chloride complexes, and that in a mixed chloride-fluoride 
melt the metal is largely complexed with fluoride. 

The metal can be produced by reduction from either chloride or 
chloride-fluoride melts [46], but in powdery form. Similar results had already 
been reported [48] for both LiCI-RbCI-HfCI4 and KCl-HfCI4 melts at 
700-800·C with 90% CEo 

So far the only coherent hafnium plate has been reported for a 
FLINAK-HfCI4 melt at 700·C [49] with 90% CE [45]. 

Vanadium 

In spite of the good corrosion resistance of vanadium in acid media [50], 
very little work has been done to explore the electrochemistry related to 
producing coatings of this metal. Some studies of vanadate electrochemistry 
in LiCI-KCI have been reported [51, 52]. The reduction chemistry in this 
solvent is complicated by the formation of insoluble compounds and oxide 
concentration-dependent disproportionation reactions. Recently the elec
trochemical reduction ofvanadates (VO;, YO! -) in FLINAK was attempted 
[53], but it did not lead to formation of the metal. 

The most interesting plating experiments in chloride and bromide melts 
are related to a program by the U.S. Bureau of Mines to electrowin and 
electrofine vanadium from molten salt baths. In one process [54] high purity, 
ductile vanadium was obtained from an LiCI-NaCI-VCI2 melt in which 
commercially available vanadium carbide served as the starting anode 
material. The carbide is initially V 2C, but as the electrolysis proceeds it 
changes to VC, and finally to carbon. The authors give the electrode reactions as 

Anode: VC + 2X- = VX2 + C + 2e 

Cathode: VX + 2e = V + 2X-
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where X = CI or Br. The process is two-step because vanadium is first 
produced in the above process then electrorefined in a KCI-LiCI-Vl2 melt. 
However, the deposited metal is dendritic. Other Bureau of Mines studies 
have primarily focused on the electrorefining of vanadium [55-57]. The main 
advantage of this process is the high purity obtained, particularly with the 
absence of Nand 0, which adversely affect the metal properties. But even 
when the deposit is dense, it is dendritic with frozen salt trapped in the 
interstices. None of this work is encouraging for the plating of good coatings 
and bromide melts. 

The only report of successful vanadium plating is in the patent by Mellors 
and Senderoff [8] in which dense, structurally coherent metal was plated 
from K3 VF 6 or VF 3 in FLINAK at 770°C. No details of the relevant 
electrochemistry seem to have been published. 

Niobium (Columbium) 

Niobium, frequently called columbium in the older literature, has many 
properties which make it highly desirable as a coating material. Among them 
are its high melting point, excellent corrosion resistance in highly acid media, 
good weldability, and low neutron cross section. 

In contrast to several other refractory metals for which plating was first 
attempted in chloride melts, the first and also the most successful work was 
carried out in pure fluoride melts. In their first paper [58], published after 
their general patent from fluoride melts had been issued [8], Mellors and 
Senderoff reported the first successful plating of coherent and adherent 
niobium plates from pure fluoride melts. Many of the required conditions, 
such as melt purity and absence of oxygen, have already been described 
earlier in this chapter. In this paper they also attribute the success of the 
method to the strong complexing power of the fluoride anion for the metal 
ion, as well as the importance of the solvent cation. For example, potassium 
enhances the stability of the fluoro complex and is a necessary melt 
constituent. Thus, plating is much more successful in NaF -KF and FLINAK 
melts than in NaF - LiF. In a later paper [59] Senderoff and Mellors addressed 
the electrode reactions involved in the reduction of Nb(V). Using primarily 
chronopotentiometry as a tool, they found that the reduction proceeds in 
three steps: 

(1) Nb(V) + e = Nb(IV), reversible and diffusion controlled 

(2) Nb(IV) + 3e = Nb(I), reversible and diffusion controlled 

(3) Nb(I) + e = Nb(O), irreversible 

A major problem is the rapid reaction of Nb(V) and Nb(I) to regenerate Nb(IV): 

Nb(I) + 3Nb(V) = 4Nb(IV) 
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This reaction is so rapid that at low CD the CE falls to near zero in the 
presence of appreciable Nb(V), and at high CD only dendritic deposits are 
obtained. However, if the mean valence is reduced to 4.2 and the CD is 
sufficiently high, plating is successful. The desired valence is achieved by the 
presence of metallic niobium which lowers the valence by the reaction 

Nb + 4Nb(V) = 5Nb(IV) 

Niobium plating from fluoride melts has also been studied by Decroly et 
al. [60], but they were primarily concerned with a comparison of niobium 
and tantalum plating, and their work did not result in improving the plating 
process. The work of Senderoff and Mellors [58, 59] has led to further 
improvements in the plating procedure. Cohen [61] has applied periodic 
reversal (PR) techniques to improve both the coating structure and plating 
speed of niobium from molten fluorides. In this method a cathodic deposition 
step is followed by a briefer anodic dissolution which removes the uneven 
parts of the surface just deposited. The cycling takes place at low frequencies, 
typically a few cycles per minute. Cycling patterns and their effects on coating 
structure were studied in detail and the procedure was optimized to give the 
best grain size. An additional benefit is the increase in the plating rate by a 
factor of ten over direct current methods. 

Further studies aimed at optimizing niobium plating from molten fluorides 
were reported by Capsimalis et al. [62]. Coatings from both KF - NaF and 
FLINAK were compared with respect to the detailed microstructure of the 
deposit. In both melts, temperatures above 725°C were required to obtain 
coherent deposits. One interesting result is that the CE varies with CD, but 
the direction of change depends on the temperature. 

Recently Taxil and Mahenc [63] have produced surface compounds, such 
as NbNi3 by depositing niobium on nickel at 1000°C. The surface compounds 
are created by diffusion, a process akin to metalliding (Chapter 3). These 
alloys may be useful as corrosion-resistant, insoluble anodes. On molybdenum 
and steel no such diffusion occurred, and anodizing in phosphoric acid 
produced Nb20 5 surfaces useful for electrolytic capacitors. Pulsed electrolysis 
was required to avoid dendrite formation. 

In spite of the success obtained with fluoride melts, their drawbacks -
high temperature, corrosivity and sensitivity to contamination - have led to 
several attempts to utilize chloride melts. These fall into two categories: pure 
chlorides, and melts consisting of chloride solvents and fluoride solutes. The 
fluoride solute is only present at low concentrations, but the high stability 
of the metal fluoride complex may be maintained even in a chloride melt. 
Thus the effective species might be a fluoride, even though the predominantly 
chloride melt would be less corrosive. 

Workers who have studied chloride melts have generally used temperatures 
below 700 0C. One of the issues addressed is the predominant valence state 
of niobium. Saeki and Suzuki [64] reported that the anodic dissoluton of 
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niobium between 500 and 650·C resulted in a valence of 3.1, whereas the 
equilibrium composition was Nb3Cls, i.e. a valence of 2.7. No mechanism 
for this reduction was suggested, but it might be due to the presence of the 
niobium anode. In a more detailed study [65] in the same melt between 380 
and 600·C two reversible redox reactions were detected: 

Nb(V) + e = Nb(IV) 

Nb(IV) + e = Nb(lII) 

Reduction of Nb(lII) led to the formation of metallic niobium, but only at 
the higher temperature end of the range. At lower temperatures, insoluble 
non stoichiometric niobium subhalides were formed. However, even when 
metal was formed, it was only as a powder. At higher temperatures the 
potential of the Nb(V)jNb(IV) couple shifts close to the oxidation potential 
of CI and the equilibrium pressure above the melt becomes so great that a 
chlorine atmosphere is required to avoid decomposition. Thus chloride melts 
containing niobium probably cannot easily be operated above 600·C. 

Somewhat similar results in the same melt were reported by Kuznetsov et 
al. [66], except that the reduction sequence was given as 

Nb(V) -+ Nb(IV) -+ Nb(U) -+ Nb(O) 

At 630-650·C the divalent state tends to disappear and reduction occurs 
direcly from Nb(IV). However, niobium was only obtained as a powder. 

The shift from LiCI-KCI to NaCl-KCl appears to permit work at higher 
temperatures without melt decomposition. The reduction of K2NbF 7 in this 
melt has been studied [67, 68] in the 700-800·C range. The first step is the 
reduction of Nb(V) to Nb(IV). This species is directly reduced to the metal 
(note the absence of lower-valent species observed in pure chloride melts at 
lower temperatures), but the character of the deposit is highly potential 
dependent. Best results were obtained from the reduction of Nb(IV), but even 
they do not compare in quality with pure fluoride melts in the same 
temperature range. Thus, even if NbF~ - is a relatively stable species in the 
chloride sea of NaCl-KCl, good niobium plating seems to require a total 
fluoride environment. 

Tantalum 

In contrast to niobium, tantalum exhibits fewer stable valences between 
+ 5 and 0 in both chloride and fluoride melts. In contrast to niobium also, 

the earliest studies of tantalum reduction were carried out in molten chlorides. 
In one of the earliest studies, Drossbach and Petrick [69] obtained metallic 

tantalum by the electrolysis ofK2TaF7 in 1:1 NaCl-KCl at 850·C, but the 
deposit was largely dendritic. The electrolysis seems to have been operated 
too near the cathodic limit of the melt, since Cl2 was evolved. The use of an 
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open cell introduced impurities of oxygen and water. Similar results were 
obtained by Efros and Lantranov [70] who confirmed Ta(III) as the only 
intermediate species, and also found the addition ofTa20 s to be without effect. 

The first, and thus far the only successful, tantalum plating was carried 
out by Senderoff, Mellors and Reinhart [71]. Using primarily chronopoten
tiometry as a diagnostic tool, they found a diffusion-controlled three-electron 
reduction to Ta(II) in FLINAK. The divalent species is the insoluble TaF 2 
which forms on the cathode surface and is subsequently irreversibly reduced 
to the metal: 

TaF 2(S) + 2e = Ta + 2F-

More experimental details are given in the patent by Mellors and Senderoff. 
In general, a CD of 5-50 mA/cm was found suitable for the deposition of 
coherent plates. 

This work has been extended to the plating of harder coatings by 
codepositing chromium with the tantalum from the same FLINAK melt 
[72]. The solute concentration was 10 wt% K2 TaF 7 and 0.1 % chromium 
(as K3CrF 6). Tantalum and chromium were used as anodes and the cathodes 
were copper and type 304 stainless steel. Most notable is the increase in 
hardness of the alloy coating, which was twice that of pure tantalum. The 
structure of the alloy was columnar, just as for tantalum, and the CE generally 
exceeded 90%. Another way to increase the hardness of the tantalum coating 
over the usually plated body-centered cubic (BCC) tantalum is to plate 
p-tantalum, which has a hardness ten times that of the BCC phase. In a 
preliminary study [73] p-tantalum was detected, but so far it is not clear 
what conditions are crucial for the deposition of this phase. 

A recent study of tantalum deposition from a K2TaF 7 -FLINAK melt by 
chronopotentiometry [74] has essentially confirmed the mechanism proposed 
by Senderoff, Mellors and Reinhart [71] except that a chemical dissociation step 

TaF~- = Ta(V) + 7F-

precedes the electrochemical step, and the intermediate is more likely to be 
Ta(III), rather than Ta(II). 

There has been very little work done in pure chloride melts. Suzuki [75] 
has reported the reduction of TaCl4 in LiCI-KCI between 500 and 675°C. 
Tantalum was introduced into the melt by anodic dissolution, and its valence 
inferred from the weight loss of the anode and the amount of charge passed. 
Chronopotentiometric results were interpreted in terms of a diffusion
controlled, reversible reduction ofTa(IV) to Ta(III), followed by an irreversible 
reduction to the metal. 

Other studies have used mixed chloride-fluoride melts. In contrast to 
previously cited studies [69-75], Konstantinov et al. [76] found that in the 
KCI-KF eutectic the reduction proceeds in a single reversible five-electron 
step at 700°C. Also in contrast to previous authors, who found Ta20 S to be 
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electrochemically inactive, they observed additional voltammetric peaks on 
the addition of this material to the melt. They argued that K3 TaF s is formed 
in a K2TaF7-KF-KCI melt and that this reacts with Ta20 S: 

3K3TaFs + Ta20 S + 6KF = 5K3TaOF6 

Deposits of metallic tantalum were obtained by the reduction of these melts. 
Baimakov et ai. [77] tried specifically to determine both the effect of 

temperature on the reaction in a pure chloride melt, LiCI-KCI-TaCls, and 
the effect of added fluoride. In the chloride melt below 550°C Ta(V) was first 
reduced to Ta(III), and then to the metal. Above 550°C the first and second 
voltammetric waves merged to a single five-electron wave, presumably 
because Ta(III) becomes increasingly unstable at higher temperatures. As 
fluoride is added to this melt, TaF~ - is increasingly formed because fluoride 
complexes are stronger than chloride complexes. The equivalence point of 
the reaction is found by titration: 

TaCI~n-S)- + nF- = TaF~n-S)- + nCI-

was found at n = 6.6-6.8. The process is similar for TaCI i.e. TaCI';:-, except 
that Ta(III) disproportionates to Ta(V) and metallic tantalum. 

From the above works, it seems likely that (a) the lower-valent species 
become less stable at higher temperatures and (b) the addition of fluoride to 
a chloride melt has a similar effect. It is thus not surprising that reduction 
in a KCI-NaCI-K2 TaF 7 melt at 720°C would occur in a single five-electron 
step [78]. However, the character of the metallic tantalum was highly 
potential dependent, with the metal (in powdery form) only being plated over 
a narrow potential range. 

Chromium 

Chromium is the only one of the refractory metals that can be plated from 
aqueous solution. The decorative and protective coatings of this metal, e.g. 
on automobile trim, are well known. Nevertheless, closer examination shows 
they are frequently under stress and exhibit fine cracks. Although there have 
recently been improvements in aqueous chromium plating [79], molten salt 
electro refining and electroplating justify their higher costs for more demanding 
applications and for high purity. 

In principle, potential precursor species are the oxyanion CrO~ - or an 
oxidized form of chromium, such as Cr(lI) or Cr(III). However, although 
CrO~ - is soluble in several melts, it either reacts with them, is not reducible 
or is reduced to species other than metallic chromium. For example, in 
LiCI-KCI at 450 °C, CrO~ - is reduced to CrO~ -, which decomposes to yield 
CrO~ - and 0 2 - [80]. At higher CD, LisCr04 precipitates on the electrode. 
CrO~ - is stable in FLINAK up to 750°C, but it cannot be reduced below 
the reduction potential of the melt [81]. Consequently, only Cr(II) or Cr(lll) 
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are potential precursors for molten salt chromium plating; both of them have 
been studied. 

Exceptionally high purity chromium has been obtained by molten salt 
electrorefining metal which had been produced by aqueous electrolysis. 
Several mixtures of alkali metal and alkali earth halides with CrCl2 were 
investigated in a program by the U.S. Bureau of Mines [82]. Nitrogen and 
oxygen impurities generally did not exceed 20 ppm. However, the deposit 
was always dendritic. 

Levy and Reinhardt [83] studied the reduction of Cr(III) in LiCI-KCI at 
500 °C by voltammetry. The first step is the reduction to Cr(II). This species 
may react in two ways: 

Cr(II) + 2CI = CrCI2(s) 

Cr(II) + 2e = Cr(O) 

Thus the metal can be formed preferentially by the proper choice of potential. 
The physical form of the metal was not reported. 

The most rational system for plating chromium from LiCI-KCI has been 
developed by Inman and coworkers. Using voltammetry and chronopoten
tiometry, they found [84] that Cr(III) is first reduced to Cr(II), with the Cr(II) 
subsequently reduced to the metal. In a more detailed study of the plating 
process itself, Vargas and Inman [85] concentrated on the details of the 
electrocrystallization process. Beginning with CrCl2 in LiCI-KCI, they noted 
that coatings produced at constant potential are invariably poor, e.g. dendritic 
or poorly adherent, and they attribute this to the fact that three-dimensional 
nuclei begin to grow before the surface is completely covered. Their solution 
to this problem is the 'initial pulse' method in which plating begins with a 
large nucleation pulse (or pulses) to produce a high nucleation density. The 
potential is then reduced to encourage the nuclei to coalesce into a coherent 
deposit. Although this scheme is certainly beneficial in producing more 
uniform coatings, considerable adjustment of plating parameters - pulse 
height, number of pulses, time intervals - is still required for optimizing the 
coating structure. Nevertheless, the procedure represents a real advance, not 
only for chromium plating, but for plating other refractory metals from 
chloride melts, which offer a lower temperature and easier handling than 
molten fluorides. The behavior of chromium coatings produced by the above 
method has already proven beneficial in protecting steel in nuclear, gas-cooled 
reactors from carbon pickup due to CO and CH4 [86]. 

The electrodeposition of chromium from molten fluorides has also been 
investigated. Yoko and Bailey [87] studied the reduction of Cr(III) in 
FLINAK over an unusually wide temperature range, 612-983°C. Using 
cyclic voltammetry, they found the reduction to proceed in two steps: (a) a 
fairly slow reduction to Cr(II) to yield a product which is soluble at 983°C 
and an insoluble, but still electro active, product below 893°C; (b) a slow, quasi-
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reversible reduction of Cr(II) to Cr(O). There is some indication that the 
dendrite formation observed at lower temperatures changes to smoother 
plates at higher temperatures. Since CrF2 is readily available, it seems 
unnecessary to begin with a fluoride of Cr(III), such as CrF 3 and K3CrF 6' 
although excellent plates of chromium metal with these precursors in 
FLINAK were obtained by Mellors and Senderoff [8]. 

At any rate, given that chromium may be one of the few refractory metals 
platable from LiC1~KCI below 500°C, and that improved chromium plating 
has also been achieved in aqueous solution [79], it is not surprising that less 
effort has been expended on fluoride melts. 

Molybdenum 

Molybdenum continues a trend observed earlier with chromium. Whereas 
metals in IV A and V A are easily plated from fluoride melts, but only with 
difficulty from chloride melts, those in VIA are relatively easily plated from 
chlorides (although they can be plated from fluorides). Moreover, in contrast 
to IV A and V A metals, the metal-containing species in the case of molybdenum 
and tungsten can be a molybdate (MO~-) or tungstate (WO~-). Chromates 
are probably not reducible in either chlorides or fluorides. 

The first reported electroplating of molybdenum was reported by Senderoff 
and Brenner [88]. Using K3MoCl6 as the solute, poor quality coatings ~ 
powders or dendrites ~ were obtained in NaCI~KCI at 900°C, and much 
more coherent deposits in LiCI~KCI at 600~900°C. But even in LiCI~KCI 
the deposits were brittle. Senderoff and Mellors [89] studied the deposition 
mechanism in LiCI~KC1. Their work, based on chronopotentiometry, is an 
early indication of the complexities of molybdenum chemistry and 
electrochemistry. They noted that melts of K2MoC16 in LiCI~KCI are 
unstable on dilution even at 600 °C and postulated the existence of polynuclear 
ions such as [M02CI9]3 - which can dissociate on dilution to form volatile species: 

[M02CI9]3- + 3CI- = 2[MoCI6]2-

= ~MoCI5(g) + !Mo (s) + 6CI-

The electrochemical results are interpreted in terms of a single, irreversible 
three-electron reduction at 600 DC, which becomes more reversible as the 
temperature is raised. More recently, White and Twardoch [90] have 
reexamined this problem in the same melt and found that Mo02Cl2 was 
evolved from the melt due to the presence of oxyanion and/or MoO impurities, 
since melts were stable after this evolution. Another aspect of the complicated 
behavior of molybdenum electroplating is provided by the striking effect of 
CsCI on the voltammograms. Similar results were obtained by Selis [91], 
who found that the kinetic parameters of the Mo/Mo(III) electrode in various 
alkali metal chlorides and bromides were subject to strong solvent effects. 
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These effects were attributed to differences in the degree of covalent bonding 
and electrostatic interactions. 

In addition to mechanistic studies, successful molybdenum plating from 
chloride melts has been reported. This includes the work of White and 
Twardoch [90], who obtained good coatings in LiCI-KCI and LiCI-CsCI, 
and recent work by Kipouros and Sadoway [92], who found that the addition 
of activated alumina improved the suface characteristics of the metal plated 
from KCI-K2MoCI6 at 800°C. The alumina apparently acts as a leveling 
agent, although it is not incorporated into the coating, and its precise mode 
of action remains a mystery. 

Melts other than chlorides have also been studied for molybdenum 
electrodeposition. Senderoff and Mellors [93] found that K3 MoF 6' and 
gaseous MoF 6 + Mo (s), can equally serve to plate molybdenum from molten 
FLINAK [8]. In all cases the electroactive species appears to be Mo(III). 

In an exhaustive series of studies, Koyama et al. [94-96] reported the 
plating of smooth, adherent molybdenum coatings from molybdate melts. 
K2Mo04 served as the source of molybdenum and the following solvents 
were used: KF - B20 3, KF - Na2B40 7 and KF - Li2B4 07' Many compositions 
in each ternary system were studied at 750-900°C, and the successful 
compositions were plotted on a ternary phase diagram. Excellent coatings 
were obtained by plating at various constant current densities. Most successful 
coatings were obtained from melts which were more than 50 mol% KF. 

Baraboshkin and coworkers have used molybdenum plated from molten 
salts to examine theories accounting for the crystalline structures of the 
deposits. In one of their earlier studies [97] they examined two theories used 
to account for textural growth of electroplates: geometric selection and two
dimensional nucleation. In geometric selection, texture emerges from a chaotic 
orientation of grains on the substrate only through survival of favorable 
grain orientation during deposition, with no growth of new grains. In two
dimensional nucleation, textural growth is represented as alternate grain 
surface processes, comprising passivation and formation of two-dimensional 
nuclei with a specific orientation. In order to distinguish between the theories, 
plated layers were gradually thinned electrochemically and discrete layers 
examined in cross section. The results showed that the number of grains on 
cross section decreased with distance from the substrate, i.e. the crystals grow 
larger further away from the substrate because selection leaves only those 
grains whose crystallographic direction of growth is nearly normal to the 
substrate. In further work [98] factors determining the direction of maximum 
growth were examined. This rate is affected both by the lattice structure and 
the electrolysis conditions. Adjustments of the electrolysis conditions provide 
some control over the structure of the deposit. The appropriate parameters 
were used to plate single crystal layers of molybdenum from an 
Na2 W04-K2 W04-W03-Mo03 melt [99]. 

It thus appears that molybdenum coatings of good quality can be plated 
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from several melts: LiCI~KCI, FLINAK and KF ~molybdate. Adherent and 
smooth coatings can be obtained, and the work of Baraboshkin et al. suggests 
that the coating structure can be controlled by a suitable choice ofthe plating 
parameters. Surprisingly, although the deposition mechanism has been 
studied in halide melts, virtually nothing about this is known in molybdate melts. 

Tungsten 

Tungsten has long been recognized as an attractive material for many uses. 
In particular, its high melting point, great hardness and oxidation resistance 
at high temperatures makes it an attractive candidate for applications both 
in bulk and as a coating on various metal substrates. Because its minerals 
are fairly readily available, there have been many attempts to produce the 
pure metal in both forms. 

Electrolysis has been used for more than a hundred years to produce 
metallic tungsten [100]. However, in contrast to the electrowinning and 
electroplating of other metals, the situation with respect to both practical 
methods and understanding the electrochemical reduction mechanism is not 
yet clear. The chief reason seems to be the extreme dependence of the character 
of the deposit on the current efficiency, melt composition, temperature and 
current density. 

Early work on tungsten plating has been described by Davis and Gentry 
[6], who also repeated much of it for confirmation. Their conclusions can 
be summarized as follows: 

(a) Aqueous solutions~based on ten studies employing different solutions, 
all containing hexavalent tungsten, Davis and Gentry conclude that for 
thermodynamic reasons, rather than because of high overvoltage, hydrogen 
is always reduced preferentially to tungsten, and therefore the pure metal 
cannot be plated from aqueous solutions. However, alloys of tungsten 
with the ferrous metals can be plated with high CE up to 70% tungsten. 
For example, Brenner and coworkers [101] plated cobalt, nickel and 
iron alloys from alkaline solutions of hydro carboxylic acids containing 
chlorides or sulfates of the ferrous metals and Na2 W04 . Davis and Gentry 
[6] suggest that the deposition potentials for the solid solution alloys 
are much less than for pure tungsten. This may arise from a high affinity 
of the ferrous metals for tungsten, as evidenced by a smaller expansion 
of the ferrous lattice than would be expected if solid solution properties 
were additive. 

(b) Organic solvents ~ a variety of such solvents were tried, but Na2 W04 

is insoluble in most of them. From the few in which the solvent was 
somewhat soluble, no deposit was obtained. 

(c) Molten salts ~ by far the largest amount of tungsten plating and studies 
of tungsten reduction have been carried out in molten salts. The number 
of salts and salt mixtures that have been used is not large: 
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(1) LiCI-KCI 
(2) ZnBr2-NaBr 
(3) alkali metal fluorides 
(4) borate-halide mixtures 
(5) tungstates 

Sources of tungsten have been: 

(1) halides with various valence states of tungsten 
(2) tung states 
(3) W03 

It is clear that even this short list of solvents and solutes yields a rather large 
number of solute-solvent combinations. If, in addition to composition, one 
considers the variables over which an investigator exercises control -
concentration, temperature, current density, substrate metal - it is not 
surprising that a rationalization of extant results is a daunting task. One 
should also consider whether the aim of a particular study was electrowinning 
or electroplating. 

The earliest substantial study of tungsten electroplating is probably the 
work of van Liempt [102] who used molten alkali metal tungstates with and 
without added W03 . Their use involves the concept of acid-base reactions 
in these melts, and the competition between electroplated tungsten and 
tungsten bronze. Van Liempt obtained powdered tungsten by the electrolysis 
of the ternary (Li, Na, K)W04 in the 700-1000°C range with 60-80% CEo 
He proposed that Na is formed by electrolysis and subsequently reduces 
WO! -, resulting in the formation of Wand a basic tungstate: 

In 'acid' melts, i.e. Na20· nW03, with n> 1, tungsten bronzes, Nax W03, 

are formed, e.g. 

Na + W20~- = WO!- + NaW03 

In addition, van Liempt found the effect of temperature to be very important. 
Only above 900 °C were good tungsten coatings obtained. 

The electrodeposition of tungsten from tungstate-W0 3 melts has been 
pursued by several research groups. Baraboshkin and coworkers [103, 104] 
have plated tungsten from an 80--20 mol% Na2 WOC W03 melt in the 
850--950°C range on molybdenum, copper and nickel, although their main 
interest was the formation of epitaxial layers on single crystals. These melts 
have also been used to electrodeposit tungsten bronzes (Nax W03) [105,106]. 
The relation between melt composition, temperature and the composition of 
the product was clarified by Randin [107]. There is a dividing line between 
metal and bronze which is expressed by a linear dependence of temperature 
on WO concentration. Above the line the metal is plated, below it the bronze. 
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Another approach was taken by Fink and Ma [108], who found that 
borate melts were excellent solvents for W03 . Their main purpose was 
electrowinning the metal in powder form. Their results were extended and 
adapted to tungsten plating by Davis and Gentry [6]. They obtained their 
best results - adherent coatings of columnar structure and a CE of 76% -
from a melt of composition 

NaLiB 20 4 

NaLiW04 

W03 

moles 
6 
2 
1 

The best temperature range was 850-900 °C, and the best CD 10-100 mA/cm 2 . 

This study served as the basis for much more detailed work by the U.S. 
Bureau of Mines [109]. Their electrolyte contained sodium and lithium 
metaborates, NaB02 and LiB02, carefully dehydrated, vacuum dried and 
fused at 900°C. Na2W04, Li 2W04 and W03 were similarly treated. The 
electrolyte had the following composition: 

w% moles 
NaB02 26.7 6 
LiB0 2 20.2 6 
Na2W04 19.8 
Li2W04 17.7 1 
W03 15.6 1 

This is basically the melt used by Davis and Gentry [6]. The most favorable 
plating conditions, resulting in thick, dense and adherent tungsten coatings, 
were 50mA/cm2 at 900°C, with rotation of the cathode. CE was 96-100% 
on a variety of substrates. On the basis of the low hardness reported for this 
plated tungsten, Senderoff [110] surmised that the metal might be badly 
contaminated with oxygen because it was plated from an oxyanion melt. 

In order to improve the properties of the electroplated tungsten, Senderoff 
and Mellors [111] applied the process which they had developed for 
electroplating the refractory metals in ductile form from fluoride melts (see 
previous sections). However, in contrast to the plating of other refractory 
metals from which the solute was a solid fluoride, tungsten plating required 
a tungsten valence near 4.5, which was achieved by bubbling gaseous WF6 

into a FLINAK melt in which finely divided tungsten metal was suspended. 
More recent work has been concerned with (1) lowering the rather high 

temperature required in both fluoride and borate melts, and (2) finding a 
solid tungsten compound which would give results as good as the WF 6 + W 
method. For solutes the list of candidates is rather small - solid chlorides 
and bromides, perhaps in valence states lower than + 6. Alkali chlorides 
and bromides, and halide-borate solvents have been used with some success. 
In order to guide plating experiments, some mechanistic studies have also 
been carried out. 



34 Electrodeposition of refractory metals 

White and Twardoch [90] have tabulated many of the tungsten halide 
studies. They point out that these halides form clusters whose structure 
changes markedly with the tungsten valence. Quite recently it has become 
apparent that acid-base chemistry plays an important role in the morphology 
ofthe deposit. For example, in ZnBr 2-NaBr melts [112] the acidity is changed 
by changing the ratio of these two components, and different deposit 
morphologies are observed when W06 is reduced at 350-400°C, one of the 
lowest temperatures reported for tungsten plating. Ito and coworkers have 
reported the reduction of WO; - in both LiCI-KCI and LiF - KF eutectics 
at 700 °C [113, 114]. Using O-specific ion electrodes they determined the 
equilibrium constant for the reaction 

WO; - = W(VI) + 402-

where W(VI) stands for a fluoride complex. The equilibrium constant is 
~ 5 x 10 - 12, i.e. WO; - is very stable in these melts. However, the 
electrodeposited tungsten from both these melts was quite mossy. In a more 
detailed study [115], they found that the structure of the deposit in the 
fluoride eutectic was extremely sensitive to the basicity of the melt, probably 
through the above equilibrium. Similar studies ofW03 in KCI-NaCI at 700° 
[116] had also found that the addition of 0 2- to such a melt also resulted 
in the formation ofW20~- and W03 ·202-, in addition to WO;-. 

In addition to the studies cited above, a great deal of effort has been 
reported in both the Russian and Japanese literature, but unfortunately in 
very obscure publications for which not even abstracts are available. It is 
likely that the more successful works would find their way into more accessible 
journals. 

In summary, it appears that the only fully successful tungsten plating is 
that developed by Senderoff and Mellors [8] for fluoride melts, and perhaps 
the Bureau of Mines process for borate melts. None of the work on pure 
chloride melts has yet resulted in a useful coating. In view of the excellent 
results obtained by Koyama et al. [94--97] for plating molybdenum from 
fluoride-borate melts, a systematic study of tungsten plating in this system 
might produce useful results. The work of Ito et al. [115] suggests the 
importance of acid-base chemistry in these melts, but these aspects also 
remain to be explored. 
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3 

Metalliding 
Kurt H. Stern 

3.1 INTRODUCTION 

While Mellors and Senderoff at Union Carbide were developing their molten 
salt process for electroplating the refractory metals (Chapter 2), Newell C. 
Cook and his associates at the General Electric Research and Development 
Center serendipitously invented metalliding. As described by Cook [1], they 
were engaged in trying to synthesize fluorocarbons by electrolytically 
fluorinating graphite in molten alkali metal fluorides. Their process involved 
passing a current between a graphite anode and a platinum cathode through 
the salt at 525°C, while passing gaseous SiF4 through the salt. The intent 
was to provide Si(IV) cations which would deposit on the platinum and 
prevent the vaporization of alkali metals. As expected, fluorocarbons were 
deposited on the anode but, contrary to expectation, the silicon did not form 
a film or dendrites on the cathode, but diffused smoothly into the platinum 
to form a hard surface layer. Further work showed that similar processes 
occurred with other substrates and dissolved metal-containing compounds, 
and that in many cases the result was the hardening of the substrate's surface 
region. 

Between 1962 and 1972 approximately 20 patents were obtained by Cook 
on producing diffusion coatings by a process generally called 'metalliding'. A 
description was published by Cook in 1969 [1]. For at least a decade virtually 
no publications appeared in the literature. Since then, only a few studies 
relating to the process, both fundamental and applied, have been published. 
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This is not necessarily from a lack of interest, but may only reflect proprietary 
activity. For example, the author is familiar with the Metalliding Institute 
at Gannon University in Erie, Pennsylvania, which provides consulting and 
research services to industrial concerns, but has not published any results. 

In what follows, the basic features of the metalliding process will be 
described, both with respect to the similarities and the differences with molten 
salt electroplating. Details were given by Cook in his patents and summarized 
in his Scientific American article. His approach is largely Edisonian, i.e. it 
consists of a description and systemization of the process and the properties 
of the metallided surfaces produced. Only recently has there been any interest 
in the kinetic aspects of metalliding, and in the control of the surface region 
structure by adjustment of the chemical and electrochemical parameters. 

3.2 THE METALLIDING PROCESS 

Since many of the procedural details are contained in the patent literature, 
and this is not always readily available, the content of the patents with respect 
to common features has been summarized in this section. Table 3.1 lists the 
patents granted to N.C. Cook, all of which have been assigned to the General 
Electric Company. Table 3.2 lists the atomic numbers of the substrates into 
which various elements can be diffused. In general, as the metalliding element 
lies further to the right in the periodic table, the number of elements into 
which it can be diffused diminishes. For example, the number of elements 
into which cobalt, nickel and iron can be diffused is less than the number 
for beryllium, boron and silicon. 

Table 3.1 Metalliding patents by N.C. Cook et al. 

Patent number Date Subject 

3,024,175 6 Mar 1962 Berrylliding 
3,024,176 6 Mar 1962 Boriding 
3,024,177 6 Mar 1962 Siliciding 
3,232,856 1 Feb 1966 Chromiding 
3,479,158 18 Nov 1969 Zircon-, hafniding 
3,479,159 18 Nov 1969 Titaniding 
3,489,536 13 Jan 1970 Scandizing 
3,489,537 13 Jan 1970 Aluminiding 
3,489,538 13 Jan 1970 Yttriding 
3,489,539 13 Jan 1970 Manganiding 
3,489,540 13 Jan 1970 Nickel-, cobalt, ironiding 
3,514,272 26 May 1970 Vanadiding 
3,567,598 2 Mar 1971 Tinniding, tungsteniding 
3,701,639 31 Oct 1972 Soldering applications 
3,814,673 4 June 1974 Tantalliding, nickeliding 
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Table 3.2 Metalliding by element (from patents) 

Metalliding element Substrate (by atomic number) 

Be 21-29 39-47 57-79 
B 23-29 41-47 73-79 
Si 23-29 41-47 73-79 
Cr 26-29 42,44-47 74-79 
Ti 23-29 41-47 73-79 
Zr, Hf 22-29 40-47 72-79 
V 24-29 41-47 73-79 
Sc 25-29 43-47 75-79 
Co, Ni, Fe 27-29 42-47 74-79 
Mn 23, 24, 26-29 41-47 73-79 
Li 24-29 46,47 78,79 
Al 23-29 41-47 73-79 
Y, rare earths 4, 21, 22, 25-29 40,43-47 72,75-79 
Ta, Nb 23-29 41-46 73-79 

The purpose of metalliding is to 'improve' the surface characteristics of 
the substrate and thereby extend its range of applications. Major improvements 
frequently cited are increased hardness and increased corrosion resistance. 
Although, in a sense, each combination of substrate and metalliding element 
(metallider) is unique, some generalizations can be made. For example, boron 
primarily increases hardness, whereas silicon increases corrosion resistance. 
Details will be described under the specific metallider. 

3.2.1 Metalliding Procedures - General 

Metalliding shares many important procedures with electroplating: 

(a) The medium is nearly always a mixture of molten alkali metal fluorides. 
Alkaline earth fluorides may also be used in the mixed solvents. Above 
900·C pure LiF is frequently recommended because of its low vapor 
pressure. Some special cases in which chlorides are used will be mentioned 
below. 

The solute is generally a fluoride of the metallider. 
(b) All the requirements of melt purity and absence of dissolved oxides are 

the same for molten salt plating. Carbon, such as residues from anodes 
used in the melt purification, must be absent when elements that form 
carbides are to be plated. 

(c) Oxygen must be absent; generally an oxygen-free cover gas is used. 
(d) The requirements for containers are the same as for plating. Fluorides 

require metal containers not attacked by the melt, e.g. nickel or nickel alloys. 
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The most important difference between metalliding and plating is that in 
metalliding there is, in principle, no coating-substrate boundary and the 
speed of the process is determined by the diffusion rate of the metallider into 
the substrate. Thus, if no potential were applied and no diffusion were to 
occur, the process would stop when the cathode was covered, since this would 
make both electrodes identical. It can only proceed if the metallider 
concentration at the cathode surface is continually lowered by diffusion, i.e. 
the alloying rate is proportional to (time)1/2 and will therefore slow down 
with time, whereas plating is only dependent on the charge passed. In this 
ideal case there is also no distinct coating-substrate boundary. In practice, 
published cross sections frequently exhibit distinct boundaries. A major 
reason is that specific compounds are often formed by the diffusion process 
and there is then a specific boundary which marks the composition limit of 
the compound. For example, the ceriding of aluminum [2, 3] produces layers 
of different Ce-AI alloys with distinct boundaries between them. Micro
photographs ofborided steel [1] show 'fingers' ofborides extending unevenly 
into the substrate, rather than a smooth diffusion front. In this case, the 
fingers serve to anchor the borided region to the substrate. It is thus clear 
that each case needs to be studied individually to optimize the metalliding 
parameters. 

For active alloying elements, such as silicon and boron, no applied potential 
is required and the silicided or borided surface region grows by diffusion 
only. Consequently there is very little dimensional change, in contrast to 
plating, for which the size of the cathode increases. However, as has also 
been discussed in Chapter 2, there is some overlap between plating and 
metalliding, since an element plated at a lower temperature under an applied 
potential may be made to diffuse into the substrate by raising the temperature. 

In general, the more active elements can be diffused into a wider variety 
of substrates than those less active, i.e. those toward the right-hand side of 
the periodic table. Different elements have different effects on the properties 
of a particular substrate. For example, boriding primarily increases hardness, 
whereas siliciding increases corrosion resistance. In the interfacial region, 
properties such as hardness vary with distance from the surface because the 
composition changes. These compositions may represent intermetallic 
compounds or solid solutions. This particular aspect, i.e. the detailed 
composition of the surface region, is not addressed in the Cook patents, 
although there is some mention of it in the Scientific American article [1] 
and more recently published papers. Since many features of the metalliding 
process are the same for different metalliders and substrates, it seems useful 
to summarize them here and to note exceptions. 

Metallider 

This is always the element, except when the use of an alloy is required. For 
example, the low melting point of aluminum, 660 ·C, which lies below the 
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optimum temperature for aluminiding, necessitates the use of a higher melting 
aluminum alloy. 

Substrate 

The list of elements which can be metallided by a particular element is given 
in Table 3.2. In addition, a variety of alloys has also been metallided. This 
includes various steels and nickel alloys, such as Inconel and Monel. 

Solvents 

As discussed previously, a wide variety of molten fluorides is mentioned by 
Cook as being suitable. For the more active metalliders, such as beryllium, 
boron and silicon, temperatures in the 600-800 °C range are used and solvents 
such as FLINAK are suitable. For less active elements, Cook recommends 
a temperature range of 900-1100 °C and pure LiF as solvent. In a few 
instances, such as aluminum, chloride solvents are preferred. 

Solutes 

In nearly all cases the solute is a fluoride of the metallider. The exception is 
aluminiding, which is carried out in a chloride melt and therefore requires 
AICI3. The solute concentration range can be very wide, but high concentrations 
are wasteful and the recommended range is a few (1-5) mol%. In most cases 
the pure solute is a solid, but for silicon it is gaseous SiF4 , which is bubbled 
through the melt. An alternative is K 2SiF 6' which is a solid and readily available. 

Temperature 

See solvents. 

Electrical Parameters 

Voltage 
For the more active elements no voltage needs to be applied, since the 
electrochemical driving force is sufficiently large to produce anodic dissolution 
and cathodic reduction. For less active elements a small voltage may be 
applied to increase the metalliding rate. When the substrate is more anodic 
than the metallider, e.g. titaniding, zirconiding and hafniding of aluminum, 
the cathode must be maintained at a negative potential until it is removed 
from the melt; this is to avoid its dissolution. Unless it is desired to study 
the electrochemical aspects of metalliding, no reference electrode is required, 
and metalliding is carried out between anode and cathode. Basically, the 
metallider dissolves anodically and is reduced to the element on the (cathodic) 
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substrate. In some recent work on ceriding aluminum [2, 3], a three-electrode 
system was used in order to insure a constant potential, and hence constant 
cerium concentration at the cathode. 

Current density 
During the metalliding process it is most important that the rate of anodic 
dissolution does not exceed the rate of metallider diffusion into the substrate. 
Since the voltage is often fixed by the electrochemical gradient, the chief 
means for adjusting the anodic dissolution rate is to control the current. In 
general, this means adjusting the cell resistance. Although this can be done 
by changing various aspects of cell geometry, it is most easily accomplished 
by introducing a variable resistance in the external circuit. For most elements, 
a suitable CD is 0.1-1.0 Ajdm2 (1-10 mAjcm2). This adjustment is mostly 
made by trial and error. 

3.3 PROPERTIES OF METALLIDED LAYERS 

3.3.1 Thickness 

In principle there should not be any metallided layers, since an ideal 
diffusional structure would exhibit a metallider concentration decreasing with 
distance from the substrate surface according to Fick's laws of diffusion. 
However, cross-sectional micrographs in the literature [1,2] frequently show 
distinctive 'coating' -substrate boundaries. These may sometimes represent 
fairly abrupt transitions from one intermetallic compound to another. Such 
is the case for boride coatings mentioned by Cook [1], which show boride 
'fingers' extending into the substrate. It is thus clear that actual metallided 
surfaces may not result from ideal Fickian processes. There is apparently a 
practical thickness which is mentioned by some authors or which can be 
inferred from published cross sections. This seems to range from tenths of 
microns to about a mil (10- 3 inch). In any particular case, the coating 
thickness matters less than the advantageous properties conferred on the 
substrate, chiefly hardness and corrosion resistance. 

3.3.2 Adherence 

Since the metallider diffuses into the substrate and simply produces a change 
in properties with distance from the surface, there is, in principle, no separate 
coating, as there is in electrodeposition, and the problem of adherence should 
not arise. However, in practice, the situation may be distinctly different. For 
example, Menezes et al. [2] have shown that, in ceriding aluminum, distinct 
layers are formed: an aluminum-rich overlayer, probably CeAl4 -CeAI3' and 
an inner layer which is separated from the outer layer by a gap containing 
CI, in addition to Ce and AI. Although the hardness of the coating could be 
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measured and was much greater than that of either element, coating adherence 
was poor. This was attributed to the coating formation by reductive precipitation: 

15e + 4CeAICl6 (melt) = CeAl4 + 24CI + 3Ce3+ 

Although very few metalliding processes have been studied in such detail, it 
is clear that each case must be considered unique and ideal diffusion coatings 
may not be common. 

3.3.3 Hardness 

A perusal of the Cook patents (Table 3.1) shows that he found virtually all 
metallider-substrate combinations to confer improved hardness on the 
substrate. This holds even when the main purpose is to improve the corrosion 
resistance, as it is for siliciding. The outstanding example of improved 
hardness is boriding. On steel Knoop hardness values as high as 3000 have 
been obtained, and above 4000 on molybdenum. These coatings are so hard 
that they can be polished only slowly, even with diamond. Hardness values 
are listed for other metallided surfaces in some of the Cook patents. These 
are consistent with the above conclusion. Cook et al. [1] have also published 
a microphotograph ofborided molybdenum which clearly shows the hardness 
rising from the outer (boron-rich) suface to a maximum in the metallided 
region and then falling again toward pure molybdenum. 

3.3.4 Corrosion Resistance 

According to Cook, one of the major reasons for metalliding (besides 
improved hardness) is to provide improved corrosion resistance. Indeed, the 
following patented processes have 'corrosion-resistant' in the title: boriding, 
berylliding, siliciding and chromiding. Several others mention improved 
corrosion resistance without providing quantitative data. 

A detailed study [4] of tantalided and hafnided nickel and steel samples 
in strong electrolyte solutions, including hot H 2S04, HN0 3 and H 3P04, 
were reported by workers at the General Electric Company, who measured 
corrosion currents as a function of applied voltage. The best corrosion 
resistance was obtained for tantalided nickel, about the same as for pure 
tantalum. Tantalided steel was corrosion resistant only in a highly oxidizing 
acid in the absence of halide ions. Hafniding did not provide useful corrosion 
protection. 

3.4 INDIVIDUAL METALLIDERS 

The metalliding patents of N.C. Cook listed in Table 3.1 cover the period 
1962-1974; they are organized by metalliding element, i.e. each patent covers 
a metalliding element and lists the substrates into which it was diffused, the 
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conditions under which it was done, and the results. The sequence followed 
in this section is the chronological order in which the patents were issued. 

A search of the literature shows that nearly all the work reported since 
then has been on only two elements: 232 publications and patents for boron 
and 112 for silicon. A major problem in trying to systematize this work is 
that terms like 'boriding', or 'boroniding' have been extended by various 
authors to cover processes other than Cook's molten salt diffusion. Another 
problem is that much of the literature is contained in Russian and Japanese 
patents and publications are not readily accessible, except for abstracts. 
Details will be discussed in section 4.2. 

3.4.1 Berylliding 

Cook patent 3,024,175 describes the berylliding of nickel, yttrium, copper, 
uranium and titanium from alkali fluoride melts containing BeF 2' Temperatures 
were in the 6oo-800°C range to minimize the vaporization of this salt. Since 
beryllium is an active metal, no voltage needs to be applied, although a 
voltage may be applied to keep the CD in the 1-5 Ajdm2 range. In several 
cases the metallided layers contained intermetallic compounds of definite 
composition, e.g. NiBe22, YBe 13• When the melt was clean, current efficiencies 
close to 100% were achieved. 

In some cases, qualitative and quantitative hardness measurements as a 
function of coating thickness were reported. The increase was particularly 
notable for copper; from Knoop hardness 75 to values above 600. 

No work on berylliding seems to have been reported in the literature since 
Cook's original patent. 

3.4.2 Boriding 

The diffusion of boron into metals, particularly steel, is highly effective in 
increasing the hardness of the substrate. Cook patent 3,024,176 describes the 
process which employs an alkali metal fluoride solvent, either binary system 
or ternary FLINAK, containing BF';- or BF 3 (g) as solute. In each case, the 
temperature should not exceed 800°C because BF 3 becomes increasingly 
volatile above this temperature: 

BF';- (sol) = BF 3 + F-

Since boron is electrochemically very active, no potential need be applied, 
and the electrolysis rate is controlled by the diffusion of boron into the substrate. 

Since the original Cook patent, there have been many publications and 
patents, but the literature is confused by terms like 'borizing' and 'boronizing', 
which mayor may not mean the same thing as 'boriding'. Some of these 
processes [5] involve pack cementation. Borax has also been used as solute 
[6]; its main advantage is its low volatility. The main problem with a study 
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of the voluminous literature is that most of it is in rather obscure Russian 
and Japanese journals (for an example see references in Danek and Matiasovsky 
[8]), or in equally inaccessible patents. 

Brookes et al. [7] attempted an electrokinetic study of boriding, but not 
much additional information was obtained, except that even partial substitution 
of chloride for fluoride greatly interferes with boride deposition, probably 
because of the volatility of BCI3 . Danek and Matiasovsky [8] confirmed that 
the rate of boride formation depends almost entirely on the temperature, i.e. 
the diffusion rate, and on the kinetics of the reaction of boron and iron to 
form Fe2B and FeB. Incidentally, all studies agree that the boriding process 
is of the 'reactive diffusion' type, i.e. the formation of compounds, with a 
distinct boundary between the reacted zone and the unreacted substrate. 
There is still some question as to whether FeB or Fe2B is formed first, and 
there is at least one report [9] that Fe2B is formed before FeB, and that 
growth is controlled by the diffusion of boron into Fe2B. 

The chief motivation for boriding is the increase in hardness and wear 
resistance [6], for which factors of 3-10 have been reported. In addition, the 
melting points of the borides are much higher than those of the substrates, 
and the same goes for oxidation resistance. 

The process is so useful that it has become commercial, but this has not 
been documented in the open literature, partly because of proprietary 
considerations. 

3.4.3 Siliciding 

Cook patent 3,024,177 describes the siliciding of vanadium, chromium, cobalt, 
molybdenum, copper, tantalum, Inconel and other alloys as well as the noble 
metals. Since one of the major benefits of the process is to improve the 
corrosion resistance of the substrate, the application to easily corroded metals 
is probably the most significant; some hardening also seems to occur. 

Because silicon diffuses so easily into many metals, only relatively low 
temperatures, 600-800 °C, are required. The melt can be FLINAK or a binary 
alkali metal fluoride. Since the conductivity of silicon is rather low, Cook 
recommends increasing the anode surface area by using chunks held in a 
nonreactive basket of porous carbon or silver mesh, rather than a solid rod. 

No voltage needs to be applied and the anodic dissolution rate is limited 
by the diffusion of silicon into the substrate. 

One of the major applications is the siliciding of molybdenum, which 
prevents the oxidation of the base metal and produces a material highly 
useful in the production of heating elements and other articles needing 
protection from high temperature oxidation. Surface silicon is oxidized to 
Si02 , which limits further oxidation. 

The detailed structure of silicided molybdenum has been studied by a 
variety of techniques [10]. In contrast to substrates in which the metallider 
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concentration varies smoothly from the surface into the interior, silicided 
molybdenum is of the 'reactive diffusion' type, i.e. diffusion results in the 
formation of a stoichiometric compound, MoSi2, which forms a definite 
boundary with the substrate. 

3.4.4 Chromiding 

Cook patent 3,232,835 describes the chromiding of iron and steel from a 
bath consisting of CrF2 in FLINAK or NaF -CaF 2 at temperatures of 
900-1100 dc. Substrates include carbon, steel, cast iron, molybdenum, 
platinum, nickel and tantalum. If a higher-valent chromium compound was 
used, no chromiding occurred until it had been reduced to Cr(II). Coating 
thickness ranged from a few tenths of a mil to somewhat over a mil at current 
efficiencies close to 100%. A small voltage « 100 mV) was applied only when 
necessary to maintain the current at reasonable levels. Coatings are described 
as hard and corrosion resistant, but no quantitative measurements are reported. 

A variant of the Cook method was reported by Mukerjee et al. [11], in 
which steel was chromided by dipping it into a slurry of chromium powder 
in an organic solvent and heating the steel to 800-900 dc. Alternatively, a 
paste of chrome ore in aqueous NH4F was used. Chromium diffuses into 
steel with very little formation of inter metallic compounds. Multiple metalliding 
results in increased corrosion resistance. Vacuum annealing in hydrogen 
removes residual stress and improves the mechanical properties. 

3.4.5 Zirconiding and Hafniding 

Cook patent 3,479,158 reported the zirconiding of several metals from either 
NaF - LiF or pure LiF in the 800-1000 °C range, using ZrF 4 as solute. 
Coatings up to 1 mil thick were reported on the following metals, generally 
with current efficiencies above 50% (tungsten was only 22%): nickel, cobalt, 
vanadium, platinum, copper, molybdenum, tungsten, niobium and titanium. 
Coatings were generally smooth, hard and flexible. The temperature was 
usually 1100 dc. 

No specific experiments are reported for hafniding, but it is claimed that 
this process can be carried out as with zirconiding by using a hafnium anode 
and HfF 4 as solute. 

3.4.6 Titaniding 

Cook patent 3,479,159 reported the titaniding of several metals from a molten 
LiF - TiF 3 bath at 1100 dc. The following metals were plated, generally at 
high current efficiencies: cobalt, steel, vanadium, chromium, copper, tantalum, 
molybdenum, niobium, palladium and platinum. The hardness of the coating 
seems not to be an intrinsic property ofthe substrate-metallider combination, 
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since duplicate samples are described as soft and moderately hard, respectively. 
Thus hardness may depend partly on the details of the metalliding process. 
A titanided nickel strip was described as having a Knoop hardness of 700 
and as being resistant to corrosion by concentrated HNO. 

3.4.7 Scandizing 

Cook patent 3,489,536 reported the scandizing of nickel, copper, Monel and 
palladium from an LiF -ScF 3 melt near 1000 °C with fairly high current 
efficiency. Very few experimental details are given. 

3.4.8 Aluminiding 

Aluminiding is an important industrial process, and besides Cook patent 
3,489,537, several methods have been used, such as dipping in molten 
aluminum and pack cementation. Because the melting point of aluminum is 
much lower than the preferred metalliding temperature, the aluminum anode 
must either be in liquid form - a graphite basket shielded by a tightly woven 
Monel screen is suggested as a container - or a solid aluminum-nickel alloy. 
Most metalliding was carried out at 1000-11 00 °C from an LiF - AlF 3 melt. 

The following metals were aluminided with high current efficiency in the 
usual way: steel, nickel, cobalt, vanadium, chromium, molybdenum, niobium, 
platinum and palladium. 

Titanium, zirconium and hafnium are more active electrochemically than 
aluminum and ordinarily displace it from its melts. For successful aluminiding 
it is necessary to impose on them a cathodic potential of 1-2 V while they 
are immersed in the melt. 

3.4.9 Y ttriding and rare earthiding 

Although Cook patent 3,489,538 purports to include all the rare earths, only 
yttrium and gadolinium were actually tried, although the other rare earths 
would be expected to behave similarly. The melt was LiF with a trifluoride 
of the metal as solute, and the temperature range was 900-1100 0c. The 
yttriding of nickel was studied in some detail, and intermetallic compounds 
were found in the coating: YNi at low CD and YNi at higher values. Because 
lithium is anodic to lithium, an appropriate voltage must be applied to 
yttrided samples until they are removed from the melt. The yttrided metals 
were nickel, cobalt, titanium, zirconium, rhodium, platinum and palladium. 
Mechanical properties differed with the substrate, some hard and others soft. 
Current efficiencies varied from 5 to 95%. Results were similar for gadolinium. 

The ceriding of aluminum has been studied for both KF - LiF and 
KCI-LiCI melts containing Ce(III) [2, 3]. A three-electrode cell was used in 



Individual metalliders 49 

order to maintain a constant cerium activity at the cathode surface. 
Interestingly, the depositions seem to be different in the two melts: AI-Ce 
intermetallic compounds form in the fluoride melt, solid solutions in the 
chloride melt. The compounds formed were mainly CeAl3 and CeAI4. 
Although the metallided region is harder than either of the two pure metals, 
it is not very adherent. The authors postulate a reductive precipitation 
mechanism for compound formation on the aluminum surface: 

(1) aluminum dissolves anodically in the chloride melt: 

6CI + Al = AICI~ - (melt) + 3e 

(2) formation of a complex in the melt: 

AICI~ - + Ce3 + = CeAICI6(melt) 

(3) reduction of the complex in the reducing, electronically conducting melt 
and precipitation on the metal: 

15e(melt) + 4CeAICl6 = CeAl4 + 24CI- + 3Ce3+ 

Mechanisms such as this show that metalliding does not always consist of 
simple Fickian diffusion and they account for the observation that metallided 
layers frequently have distinct boundaries and/or may not be very adherent. 

3.4.10 Manganiding 

Cook patent 3,489,539 reports the manganiding of several metals in an 
LiF - MnF 2 melt over the 1000-1100 °C range and at current efficiencies 
generally between 50 and 100%. The following metals were manganided: 
titanium, nickel, cobalt, vanadium, niobium, molybdenum, palladium, platinum, 
copper, silver, gold, Inconel and steel. The coatings, 0.5-2.0 mil thick, were 
described as bright and smooth, and usually flexible and soft. The main 
application is probably improved corrosion resistance, but no further work 
has been reported. 

3.4.11 Nickel-, cobalt-, ironiding 

Cook patent 3,489,540 has shown that nickel, cobalt and iron can be diffused 
into various substrates - copper, platinum, gold and molybdenum from 
NaF - LiF melts containing the respective fluoride of the metallider (NiF 2' 
CoF 2' FeF2)' Temperatures were in the 800-900 °C range. Most of the 
coatings were produced with high current efficiency. The metallided materials 
appear to be soft and thus offer no distinct advantages over unmetallided 
articles. No data on corrosion resistance are provided. 
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3.4.12 Lithiding 

The chief reason for lithiding metals is to improve their corrosion resistance. 
Cook patent 3,489,659 mentions this effect as being particularly applicable 
to metals which oxidize to p-type semiconducting oxides: Cr (Cr 203)' Co 
(CoO), Ni (NiO), Cu (CuO), Fe (FeO) and Mn (MnO). 

Lithium is produced by the electrolysis of LiF, using a carbon anode. The 
lithium which is produced at the cathode, diffuses into the metal. The details 
of the diffusion process have been studied by Tedmon and Hagel [12J, who 
find that substantial diffusion occurs only into platinum, accompanied by a 
pronounced increase in the hardness of the lithided layer. Current efficiency 
was near 100%. For the other metals various diffusion structures were 
observed, depending on the details of the plating process, but current 
efficiencies for copper, silver and chromium were less than 10%. In spite of 
this low CE, lithiding is still useful in protecting the underlying metal from 
corrosion. Oxidation studies of lit hided chromium show that the kinetics are 
parabolic, and that the rates are much less for lithided samples than for 
unprotected samples. In addition to slowing oxidation rates, lit hiding 
increases resistance to spalling and enhances resistance to nitrification during 
air oxidation. 

The effect of lithiding is attributed to the Verwey-Hauffe mechanism, 
wherein Li + ions substitute in the cation sublattice of the Cr 2°3' reducing 
the Ce3 + vacancy concentration. Since the oxidation rate is probably 
controlled by cation diffusion, a decrease in the cation vacancy concentration 
would lower this diffusion rate. This explanation should be applicable to the 
other metals cited in Cook's patent, but it seems that detailed corrosion 
studies are yet to be done. 

3.4.13 Vanadiding 

Cook patent 3,514,272 reported the vanadiding of several metals from 
LiF - VF 3 melts at 1000-1100 dc. Coatings up to 5 mil in thickness were 
reported on the following metals: cobalt, chromium, niobium, molybdenum, 
tungsten, tantalum, gold, copper, platinum, nickel and steel. Current efficiencies 
ranged from 30 to 100%. Coatings were described as smooth, hard and 
adherent. Vanadium appears to diffuse into the substrates without the 
formation of intermetallic compounds, but this was not extensively investigated. 

No subsequent work on vanadiding seems to have been reported in the 
literature. 

3.4.14 Tinniding 

The chief motivation for tinniding, as given by Cook patents 3,567, 598 and 
3,701,639, is to provide a method for soft-soldering molybdenum and 
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tungsten. These metals cannot be soldered - largely because they are not 
wet by solder - and, evidently, they cannot be alloyed with tin in bulk, 
although they can be tinnided by the usual diffusion-controlled procedure. 

LiCI-KCI eutectic or pure LiF containing SnF 2 can be used as the bath. 
Since the metalliding temperature, 900°C or higher, lies far above the melting 
point of tin, the molten tin anode is contained in a graphite crucible tightly 
surrounded by woven metal cloth to avoid introducing carbon particles into 
the melt. The tinnided metals are readily wet by soft solder and can be easily 
joined to other metals, such as copper, nickel and iron. 

3.4.15 Tantalliding and niobiding 

Cook patent 3,814,673 primarily gives examples oft an talli ding. The corrosion 
resistance of tantalum to acid solutions is well known and the main 
application is to the protection of metals to be used in these media (tantalum 
plating is used for the same purpose). Thus one of Cook's examples is the 
tantalliding of expanded nickel screen to be used as current collector in 
concentrated phosphoric acid solutions at 150°C. 

Tantalliding was carried out from a K2 TaF 7-LiF melt at 900-1100°C 
with high current efficiency. Similar work was also done with various steels, 
but the presence of carbon in the steel led to the formation oftantalum carbide. 

The patent also mentions that niobium, i.e. K 2 NbF 7' can be substituted 
for K2 TaF 7' and a niobium anode for a tantalum anode, but no results for 
this are reported. 

Taxil and Yu [13] have recently reported the niobiding of nickel for use 
as insoluble anodes. FLINAK was used as solvent at the lower end of the 
850-1050°C temperature range, and LiF - NaF or NaF - KF at the higher 
end. Nb(IV) was generated in situ from the reaction. 

4Nb(V) + Nb = 5Nb(IV) 

by adding an excess of metallic niobium to K 2NbF 7. 

The alloy layer which forms when anode and cathode are connected has 
the composition NbNi3 . It is homogeneous and exhibits no porosity. A cross 
section of the niobided nickel shows a sharp coating-substrate boundary, 
although the electrochemical parameters are indicative of diffusion. 

3.4.17 Metalliding aluminum 

Aluminum is an extremely useful metal for many applications, but suffers 
from its low hardness (Knoop hardness 30), and low melting point. The latter 
problem can only be addressed by bulk alloying, but Cook patent 3,522,021 
describes metalliding techniques to increase surface hardness. Because 
aluminum is electrochemically very active, the alkali metal fluorides are to 
be avoided, since aluminum can displace volatile alkali metals from their 
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melts. Lithium salts should be avoided if lithiding the substrate is not desired. 
The preferred melt constituents are chlorides and bromides, particularly those 
of the alkaline earths and their mixtures with alkali metal chlorides. 

Since the melting point of aluminum is low (660°C), metalliding must be 
carried out below 650°C, sometimes as low as 400-500 dc. Metals which 
were successfully diffused into aluminum include lithium, magnesium, scandium, 
yttrium, the rare earths, hafnium and zirconium. Chlorides of the metalliding 
elements served as solutes. Coatings of more than 1 mil were formed with 
high current efficiency. The only hardness value given in the patent is for 
cerided aluminum, which was 15 times greater than for aluminum alone. 

These results have recently been confirmed and extended by workers at 
Rockwell International [2, 3]. They used electrochemical impedance, 
voltammetric and surface analysis to study the ceriding of aluminum from 
an LiCl- KCl melt at 560°C. Potential control, rather than current control, 
was used to provide constant activities at the surface. The coating composition 
was CeAl4 -CeAI3' and its hardness was at least 20 times that of pure 
aluminum. However, one major weakness of the procedure is the poor 
adherence of the coating. 

The proposed mechanism of the process is discussed in section 3.4.9. 

3.5 CONCLUSIONS 

Metalliding is an important technique for improving the surface hardness 
and corrosion resistance of metals without producing significant dimensional 
changes. Since the process is driven by diffusion of the metallider into the 
substrate, it slows with time, but reported thicknesses, microns through mils, 
are adequate for protection. 

Contrary to the expected Fickian diffusion gradient, those metallided 
surfaces studied in detail exhibit 'reacted' diffusion zones; compounds of 
definite stoichiometry are formed and there is a sharp boundary between 
these zones and the substrate. 

Although Cook characterized nearly all his metallided surfaces as providing 
increased hardness and corrosion resistance, only a few processes have been 
studied in detail, principally borided steel and silicided molybdenum, and to 
some extent, aluminiding. Further work on this method certainly seems 
warranted. 
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4 

Electrodeposition of refractory 
compounds from molten salts 
borides, carbides and silicides 
Kurt H. Stern 

4.1 INTRODUCTION 

Chapters 2 and 3 describe the protection of structural metals from wear and 
corrosion by refractory metal plating and by metalliding. This chapter 
discusses a third method: the plating of a substrate by a refractory compound. 
This method has something in common with the preceding methods; it 
requires plating a refractory metal, and it also resembles metalliding in that 
a refractory compound is formed, though on the surface of the substrate, 
rather than by diffusing a second element into the substrate to form a 
compound within the surface region. Coating a metal with a refractory 
compound has proved to be very useful and there are many methods for 
accomplishing this. These generally fall into two groups: gas phase and 
condensed phase. Gas phase methods have been described in considerable 
detail in the book edited by Bunshaw [1]. In this chapter we discuss the 
electroplating of some refractory compounds. Compared to gas phase 
methods, electroplating is still in its infancy, but it has the potential to be 
superior for covering complex shapes, and it might allow lower temperatures 
to be used in some cases. So far only the compounds in the title have been 
plated; there are no methods for plating oxides and nitrides. There are several 
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sources that provide information on the properties of refractory compounds. 
The well-known book by Storms [2] gives phase diagrams of the respective 
metal-carbon phase diagrams, crystallographic data and information on 
hardness and chemical properties of the refractory carbides. Toth [3] relates 
structure (crystal, defect and electronic) to properties (thermodynamic, 
mechanical, electrical, magnetic and superconducting). The collections of 
papers on the physics and chemistry of carbides, borides and nitrides 
presented at a NATO workshop and edited by Freer [4] contains useful 
information on various aspects of structure and stoichiometry. The book 
edited by Matkovich [5] contains several useful articles on various aspects 
of boron and boride chemistry and the monograph by Aronson, Lunstrom 
and Rundquist [6] contains a critical review of the properties and crystal 
chemistry of borides, carbides and phosphides. In view of so much readily 
available information, this chapter will emphasize those aspects not yet 
systematized elsewhere, i.e. the electroplating of the refractory compounds 
from molten salts. Just as the refractory metals can only be plated from 
molten salts, it is obvious that the refractory compounds can only be plated 
from molten salts. 

4.2 METHODOLOGY 

Refractory compounds are plated from molten fluorides in the same 
temperature range as the refractory metals, i.e. near 750°C. Thus the 
methodology is the same as that discussed in Chapter 2. The new feature is 
that the desired nonmetal - boron, carbon or silicon - must be plated 
simultaneously with the metal and at the same potential, and must react to 
form the compound on the surface. When this occurs it lowers the temperature 
dramatically from that required to react the elements in bulk, since reaction 
occurs between individual atoms. However, the requirements imposed by the 
above restrictions mean that not all compounds can be plated. One of the 
objectives of current research is to find out which ones can be plated and 
what are the best methods. 

Probably the earliest systematic work was carried out by Andrieux and 
Weiss during the 1940s [7]. Although it resulted in electro synthesis rather 
than electroplating, it showed that many binary compounds could be 
synthesized electrochemically from molten salts. Specifically, the following 
compounds of tungsten and molybdenum were prepared by electrolysis from 
molten salts: borides, carbides, arsenides, sulfides and antimonides (only the 
first two groups are refractory). Baths generally were alkali metal borate-fluoride 
mixtures, excellent solvents for the oxides of molybdenum and tungsten. In 
a paper more than 70 pages long, Weiss [8] describes in detail the relation 
between melt composition, voltage, temperature and the stoichiometry of the 
product, which was usually obtained as a mass of crystals on the wall of the 
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carbon crucible, serving as the cathode. Relevant parts of this work will be 
described in the appropriate sections. 

4.3 BORON AND THE BORIDES 

Although the contribution of surface and near-surface boron to increasing 
the hardness of metals is well established, surprisingly little work has been 
done on the electrodeposition of either elemental boron or refractory borides. 
The source of boron in nearly all cases has been KBF 4 and/or B20 3 or alkali 
metal borates. In many cases this work has been quite empirical. For example, 
the use of both KBF 4 and B20 3 in the same melt quite obscures the actual 
source of boron in the plated product. This question has been addressed 
only recently (see below). 

4.3.1 Boron 

Up to 1960 attempts to plate boron were reported by Andrieux and Weiss 
[7J, Ellis [9J, Miller [1OJ, Murphy et al. [11J, Stern and McKenna [12J, 
Nies [13J and Cooper [14]. All of them used various combinations of alkali 
metal chlorides, fluorides, KBF 4 and B20 3. Of these, the highest purities, in 
excess of 90%, were obtained by Cooper [14J from KF-KBF4-B203' 
KCI-KBF 4' and KCl-KBF 4-B203 melts. All of these efforts produced 
dendritic, spongy or compacted powder deposits. 

In order to improve the process, Kellner [15J thoroughly investigated the 
effect of several factors on both the quality and the purity of plated boron. 
He found that oxygen and oxygenated compounds, including B20 3, must 
be rigorously excluded from the melt in order to produce a smooth, hard 
and adherent deposit. His solvent was 1:1 LiF - KF mixture, and boron was 
introduced as BF 3(g). This gas is very soluble and the electro active species 
is obviously BF';-. The temperature was 700°C. Electrochemical and mass 
balance studies were consistent with a three-electron reduction: 

BF';- + 3e = B + 4F-

Because the reduction potential is close to that of potassium, small impurity 
levels of the alkali metal, up to a few percent, were codeposited. Best results 
were obtained at current densities below 50 mA/cm2, and BF 3 concentrations 
above 20 g/cm2. X-ray diffraction patterns of the boron coating were diffuse, 
consistent with 'amorphous' boron. The hardness is purity dependent; the 
highest hardness, 2055 kg/mm2 is obtained for the purest boron. 

Some support for Kellner's interpretation comes from mechanistic studies 
of boron deposition reported by Makyta, Matiasovsky and Fellner [16J, who 
addressed the question of the relation between KBF 4 and B20 3 as precursors 
for boron deposition. In LiF - KF at 700 °C, when KBF 4 was the only source 
of boron, only one voltammetric wave was observed, consistent with a single 
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three-electron process. Two reduction waves are obtained with B20 3 as the 
only boron source. The first of them is accounted for by the generation of 
electro active BF i by the chemical reaction 

2B20 3 + 3LiF + KF = 3LiB02 + KBF 4 

No definite conclusions were reached about the borate species and its 
reduction, but its diffusion constant is much lower than that of BF i. 

4.3.2 Borides 

Very little work has been done on the electrodeposition of borides, and the 
field remains largely unexplored in spite of the known beneficial properties, 
e.g. hardness, which protect the substrate metal from wear. In contrast, 
boriding, the process invented by Cook [17] and described in the previous 
chapter, as well as methods which accomplish boriding by other means (see 
Chapter 6) are better established. 

Weiss was probably the first to investigate the electrochemical preparation 
of refractory borides [8]. He found that MoB and M02B could be deposited 
from a melt containing B20 3, Na20, NaF, and Mo03, i.e. a borate-molybdate 
melt, at 1000 °C. The composition of the product, which was only obtained 
as crystals imbedded in the frozen salt matrix, depended on the percentage 
of both boron and molybdenum. In similar studies of tungsten boride, with 
W03, only WB was obtained as the product. 

As part of their work on plating zirconium from molten fluorides, Mellors 
and Senderoff[18] found that the addition ofKBF 4 to an LiF -KCI-K2ZrF 6 

melt at 800°C produced excellent coherent coatings of ZrB2. Similar results 
were obtained from FLINAK - K2ZrF 6 melts, but not from NaF - LiF melts. 
Evidently potassium is a necessary melt constituent. 

Of all the refractory borides, TiB2 has attracted the most attention. This 
is due to its great oxidation resistance (slight even at 1000 oq, Vickers 
hardness (4000), erosion resistance, corrosion resistance to hot concentrated 
brines and coating-substrate adhesion. Kellner et al. [19] extended Kellner's 
work on boron plating [15] from FLINAK by adding BF 3 to this melt. The 
titanium was added as the metal, but was probably transformed to its fluoride. 
At the cathode the most likely reactions are 

2BFi + 6e = 2B + 8F

TiF~- + 3e = Ti + 6F-

2BF 4 + TiF~ + ge = TiB2 + 14F-

No electrochemical studies were carried out to elucidate the mechanism of 
this nine-electron process. However, from a practical point of view, excellent 
coatings were obtained. 
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A detailed study of tantalum boride plating was carried out by Rameau 

[20J, who used voltammetric measurements to elucidate the mechanism of 
tantalum and boron deposition separately in KCI at 930°C. The mechanism 
for tantalum agrees approximately with that found by Senderoff, Mellors 
and Reinhart [21J in FLINAK at 750°C, except that the first step is attributed to 

3Ta5 + + 2Ta = 5Ta3+ 

instead of a three-electron step. This second step is an irreversible two-electron 
reduction. Boron is formed independently by the reduction of BF 4: 

BF; + 3e = B + 4F-

The compound TaB is then formed by the direct reaction of the elements. 
TaB2 can only be formed after the melt is exhausted of tantalum, and boron 
is reduced on the already formed TaB. The products were identified by X-ray 
diffraction, but the physical state of the coating was not described. 

In contrast to the work in FLINAK, investigators at the U.S. Bureau of 
Mines found borate melts to have some advantages over molten fluorides: 
they are easier to dry and permit higher plating rates Most of this work is 
described in reports [22~24J and patents, but not in scientific journals. For 
TiB2 the melt consisted of the following mixture: 

wt% 
LiB02 58.62 
NaB02 39.08 
Na2 Ti0 3 0.99 
Li2 Ti03 0.76 
Ti02 0.55 

All of this work is concerned with the practical aspects of plating which was 
designed to protect valves and pipes used in transporting hot, geothermal 
brines from corrosion. Thus, although the plating procedures were carefully 
worked out and the properties of the coating studied, only the overall 
reactions were given. It is known that the electrolyte must be 'conditioned' by 
the addition of titanium, probably as Ti(III). Plating can be carried out with 
either Ti or TiB2 anodes, which probably dissolve electrochemically according to 

Ti = Ti3+ + 3e 

TiB2 = Ti3+ + 2B3+ + ge 

respectively. Since TiB2 can be plated even when the anode is titanium metal, 
it is likely that the melt borate is the source of boron: 

Ti3+ + 2BO;- + ge = TiB2 + 402-

However, these proposals are merely reasonable interpretations of plating 
observations. Much further work would be required to elucidate the 
mechanism of what is likely to be a complex nine-electron reaction. 
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The wear characteristics of the coatings produced in borate melts were 
examined on hardened steel by pin-on-disk wear tests of TiB coated pins of 
molybdenum, nickel and Inconel [25]. A comparison of these coated surfaces 
with single-crystal Al20 3 and with steel indicates that the best application 
of TiB2 coatings is to a high speed, unlubricated sliding environment, such 
as a high speed lathe. 

Quite recently Matiasovsky and coworkers [26, 27] have investigated the 
detailed mechanism of TiB2 deposition from halide melts. In a pure fluoride 
melt [26] (LiF ~ KF and FLINAK) Ti(IV) is reduced in two steps via Ti(III), 
and boron (from KBF 4) is reduced to the element in a single step. TiB2 is 
formed by the direct combination of the elements. In a pure chloride melt 
(NaCl~KCl) [27] the reduction of titanium was studied with Ti(III) as the 
starting material. It proceeded in two steps via Ti(II). However, this process 
was complicated by the disproportionation of this intermediate. This could 
be eliminated by the addition of NaF, which promotes the direct reduction 
of Ti(III) to Ti(O). The reduction of BF';- proceeds to the element, similar to 
the process in a fluoride melt. Synthesis of TiB2 is also similar. From a 
practical viewpoint a mixed chloride~fluoride melt is probably preferable 
since it avoids the corrosion problems associated with pure fluoride melts. 
However, the consequences of changing melt composition on the character 
of the TiB coating remain to be studied. 

It thus appears that the only borides that have been prepared electrochemically 
are those of molybdenum, tungsten, zirconium and tantalum, of which only 
the last two were produced as coatings. The field is certainly ripe for 
exploitation, since an adaptation of successful plating methods should be 
effective for electroplating other borides. The choice of borides can be made 
on the basis of properties listed in the cited references. 

4.4 SILICON AND THE SILICIDES 

4.4.1 Silicon 

Just as the plating of borides requires a process for plating boron, so the 
plating of silicides requires a process for plating silicon. Aside from silicide 
plating, a major motivation for plating silicon comes from the utility of this 
element in the manufacture of photovoltaic devices. For this application it 
is necessary that silicon does not bond with the substrate. Since this element 
diffuses rapidly into many metals [28], making 'siliciding' a simple procedure, 
substrates are generally limited to carbon and silver, elements which do not 
alloy with silicon. 

Much of the early history of silicon electroplating is not entirely germane 
to the present discussion on silicide coatings because it tends to concern 
electro winning, particularly ofliquid silicon. And often the silicon was impure. 
An extensive description of this work was given by Elwell and Feigelson [29]. 



60 Borides, carbides and silicides 

In an extensive series of studies Rao, Elwell and Feigelson investigated 
silicon plating from K2SiF 6 dissolved in KF - LiF and FLINAK at 750°C 
[30], and from Si02-BaO-BaF2 melts at 1450°C [31]. In the first of these 
studies it was shown that coherent, inclusion-free layers of silicon could be 
grown on silver and carbon as long as the current density and deposition 
voltage remained below specific limits. It was also shown that the K2SiF 6 

concentration and deposition voltage has a critical effect on the current 
efficiency. The work on silicate melts is of less interest in the current context 
because liquid silicon is produced, and thus cannot be used as a step in the 
formation of silicide coatings. 

In contrast to the work just described, Cohen and Huggins [32, 33] at the 
same laboratory (Center for Materials Research, Stanford University) 
concentrated on the structure ofthe deposited silicon. Using a K2SiF 6-LiF - KF 
melt at 750°C with a dissolving silicon anode, epitaxial silicon layers were 
deposited on single-crystal silicon cathodes. Polycrystalline coatings were 
obtained on silver, tungsten and niobium. For tungsten and niobium, thin 
diffuse layers of WSi2 and NbSi2 were observed at the interface, but the 
deposition rate far exceeded the diffusion velocity. 

The deposition mechanism is not entirely clear. Elwell and Rao [34], using 
cyclic voltammetry in a K2SiF 6 melt, describe the deposition process as 
'quasi-reversible'; the rate-determining step is the charge-transfer process 
coupled to a volume diffusion stage. Si(II) may also be an important species 
in the melt. Rao et al. pointed out that a chemical step 

Si + Si(IV) = 2Si(II) 

may be responsible when powdery or spongy deposits are obtained. This 
conclusion was also reached by Boen and Boutellion [35], who interpreted 
their voltammetric data as the above chemical reduction followed by the 
electrochemical reduction of Si(II): 

Si(II) + 2e = Si 

In further work [36] it was found that Si(IV) is also reduced electrochemically 
to Si(II), so that the entire mechanism can be described as 

Si(IV) + e = Si(II) reversible 

Si(II) + 2e = Si quasi-reversible 

Si(IV) + Si = 2Si(II) 

Excellent, smooth and very pure silicon coatings were obtained on carbon 
when the solvent was purified and the potential step was kept small. A pulsed 
current was found beneficial to keep the Si(II) concentraton near the surface 
constant and to aid in the dissolution of impurities. 
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4.4.2 Silicides 

As pointed out previously, the plating of refractory silicides is severely 
inhibited by the rapid diffusion of silicon into many metals. As an example 
of such diffusion, the results of attempts to plate silicon on Inconel, a widely 
used alloy of nickel, chromium and iron, may be cited [37]. Plating was 
carried out from a FLINAK melt at 750 ·C, with K2SiF 6 as the solute. An 
elemental analysis of the cross section of a plated specimen showed that, 
although the surface region was higher in silicon than in the alloy constituents, 
the relative concentrations of the alloy constituents and the silicon varied 
from the surface approximately 20 11m into the interior, before silicon was 
completely absent. A careful analysis of the near-surface region indicated 
that the metals had counterdiffused into the silicon during the plating process. 

Because the diffusion of silicon into many potential substrates is quite 
rapid, successful silicide plating requires either a metal substrate with which 
silicon alloys only slowly, or a barrier coating of such a metal which prevents 
silicon penetration into the base metal. Examples of the first case are tungsten 
and niobium, into which silicon diffused so slowly that pure silicon could 
be plated on them (see above). Silicides of tungsten and niobium could be 
plated to protect the substrate from corrosion, e.g. WSi2 on tungsten. Silver 
and carbon do not alloy with silicon at all, but they are not practical barriers 
for useful applications. Tantalum seems to be useful, particularly if its silicide 
is to be plated (see below). 

Dodero [38] was probably the first to study the formation of a 
'silicon-titanium alloy' by molten salt electrolysis of a Ti02-alkali metal 
silicide-fluoride solution. Oxygen is evolved at the anode, and the crystals 
formed on the cathode may result from the reduction of Si(IV) and Ti(IV) 
by an alkali metal. Similar results were obtained by Beaudoin [39], who 
used a K2SiF 6 eutectic containing Ti02 at 725°C. TiSi 2 was formed as 
crystals with a current efficiency of 22%. 

The problem of TiSi2 deposition was examined in much greater detail by 
Delimarskii and coworkers [40]. They pointed out that the addition of Ti02 

to a melt containing SiF~ - produced M2 TiF 6 through the equilibrium 

Using voltammetry in an equimolar KCI-NaCI melt containing K2SiF 6 and 
Na2 TiF 6 at 685°C, they concluded that silicon and titanium are formed 
independently on the cathode - silicon probably in a two-step process -
where they combine to form TiSi2. No data on current efficiency or the 
character of the deposit were given. 

The first study which examined the effects of melt composition and plating 
parameters on the character of the coating was carried out by Stern and 
Williams [41], who plated tantalum silicide from a FLINAK melt containing 
K2 TaF 7 and K2SiF 6. The crystalline characteristics of the coating seemed 
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to vary with both the plating voltage and the molar Ta/Si ratio in the melt, 
but all were dense and adherent. A thin tantalum layer preplated on the 
nickel cathode prevented silicon from diffusing into the substrate. The coating 
hardness was 1200 kg/mm2, in general agreement with that reported for 
TasSi3 [42J, a coating composition also consistent with Auger analysis. The 
coating is thermally stable in air up to 400 °c, and shows only small changes 
in crystal shape up to 600°C. Above this temperature, the coating structure 
degrades and spalls. 

The procedure described for tantalum silicide seems to be generally 
applicable to the plating of refractory silicides, only the appropriate metal 
fluoride being required [43]. For example, MoSi2 has been found to be highly 
resistant to oxidation up to 1000 °C [44 J and would be an excellent coating 
for protecting metals from corrosion, but no plating studies on this or other 
refractory fluorides have yet been reported. 

4.5 CARBON AND THE CARBIDES 

4.5.1 Carbon 

The plating of refractory carbides requires a process for plating carbon. 
However, in contrast to the plating of boron and silicon, which have potential 
practical applications, the plating of carbon is not of any great interest in 
itself. The requirements for a suitable precursor are that (a) it is soluble in 
the chosen melt, e.g. FLINAK, and (b) that it is reducible at a potential no 
greater than the reduction potentials of the solvent cations, preferably close 
to that of the metal precursor being reduced simultaneously. An obvious 
additional requirement is that the deposited carbon should react with the 
simultaneously plated metal to form the carbide. 

The only precursors that have been investigated for carbon deposition are 
cabo nate ion and carbon dioxide. They are connected by the equilibrium 

and detailed mechanistic studies are required to ascertain which species is 
actually reduced. Since the relative concentrations of CO;- and CO2 

obviously depend on the 0 2 - concentration, the basicity of the melt probably 
affects some aspect of carbon deposition. 

Since the reduction and oxidation of CO; - are important for the operation 
of molten carbonate fuel cells, the most thorough studies have been carried 
out for pure molten alkali metal carbonates and carbonate mixtures. Bartlett 
and Johnson studied these processes both theoretically - based on 
thermodynamic data [45J - and experimentally [46]. There are potentially 
four possible reduction processes: 
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(a) the formation of carbon and oxide 

CO;- + 4e = C + 302 -

(b) the deposition of the alkali metal 

M+ + e = M(O) 

(c) the formation of carbon monoxide and oxide 

CO;- + 2e = CO + 202 -

(d) the formation of carbide and oxide 

2CO;- + 10e = C~- + 602 -

63 

Which of these processes actually occurs depends on both the alkali metal 
cation and the temperature. However, the reduction of CO 2 is always favored; 
if it does not occur, this is due to the low activity of CO 2 in a pure carbonate 
melt. The situation is obviously more complicated when carbonates are 
solutes in other melts, such as halides, and some assumptions about solution 
thermodynamics would be required to determine the reduction products 
theoretically. It is not surprising, therefore, that so far only experimental 
studies have been carried out. Delimarskii and coworkers [47J showed that 
carbon was not liberated by the electrolysis of a 1:1 solution of K2C03 and 
Na2C03 in KCl, but was produced when a sufficiently high CO2 pressure 
was introduced above the halide melt. These results were confirmed in a 
more detailed study [48J of CO2 electrolysis in a 1:1 KCI-NaCI melt in the 
700-800 °C range. It should be noted, however, that one of the reduction 
products is 02 -, i.e. 

CO2 + 4e = C + 202 -

and that this may form CO; - near the electrode 

0 2 - + CO2 = CO;-

The authors could not observe the effect of this reaction on the reduction 
of CO2 and concluded that it must be slow. 

Not much work has been done on the reduction of carbonate ion in fluoride 
melts. Stern et al. [49J could not observe a reduction peak for this ion before 
the cathodic reduction of the solvent cation and concluded that CO; - is 
reduced by the alkali metal produced at the cathode: 

4Me + Me2C03 = C + 3Me20 

However, Selman and Topor did observe such a reduction peak close to the 
cathodic limit of the melt [50]. What is most interesting is that the direct 
reduction is highly temperature dependent: at 600°C no reduction occurs 
before the reduction of the melt; a reduction peak becomes noticeable at 
700 °C and pronounced at 800°C. Reduction does occur even at 600 °C, but 
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only indirectly - via the alkali metal formed at the cathodic limit of the melt. 
Another result reported by the authors is that although carbon and 
molybdenum can be formed simultaneously on the cathode they apparently 
do not react to form the carbide below 750°C (see below). The situation may 
be somewhat unsettled, but there is no question that carbon is the reduction 
product and that therefore one of the requirements for carbide plating is met. 

Another requirement for carbide plating is the thermal stability of 
carbonates in the fluoride solvent, since at temperatures near 800°C these 
salts might be expected to decompose [51]. In a study of thermal decomposition 
and electrochemical reduction of carbonate in this melt [49J, it was found 
that the melt slowly lost carbonate, both by thermal decomposition, i.e. 
CO~- = CO2 + 0 2 -, and by vaporization of an alkali metal carbonate 
molecule, i.e. M2C03(sol) = M2C03(g). However, both these processes were 
too slow to substantially deplete the melt of carbonate during the plating process. 

4.5.2 Carbides 

As pointed out previously, the elecrodeposition of a refractory carbide 
requires that the metal-containing precursor and the carbon-containing 
species be reducible at approximately the same potential, since there is only 
one potential at which deposition of metal and deposition of carbon can 
occur simultaneously. However, many successful depositions have been 
carried out empirically without any electrochemical studies of the deposition 
process. Weiss [8J was probably the first to deposit refractory carbides 
(tungsten and molybdenum), from a B20 3 -LiF-Na20 solvent containing 
Na2C03 as a carbon source and W03 or Mo03 as the source of the metal. 
The mono- and dicarbides were obtained in the form of small crystals in a 
boule of frozen melt. Gomes and Wong [52J obtained powdered WC from 
a melt containing NaCl, Na2 W04 , Na2 B20 4 and NaOH. 

Most of the reported work on carbide plating has been semiempirical, i.e. 
reasonable combinations of precursors have been reduced electrochemically 
to see if a carbide would result. 

A more systematic approach was taken by Shapoval et al. [53J, who studied 
the decomposition potentials of tung states, titanates, carbonates and borates 
of alkali and alkaline earth metals. They found that the potentials of WO;
and MoO; - were close to that of CO~ - and predicted that the carbides of 
tungsten and molybdenum should be platable, as had already been observed 
empirically, but that titanium carbide should be unplatable if a titanate is 
used as the precursor. Moreover, because oxyanions are involved in equilibria 
such as 

WO;- = W03 + 0 2 -

any substance which affects this equilibrium might be used to shift the 
deposition potential closer to that for carbon plating. Using these principles, 
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they plated tungsten carbide from an NaCI~KCI melt containing Na2W04, 

MgCl2 serving to adjust the acidity, with CO2 under pressure serving as the 
carbon source [54]. Molybdenum carbide was similarly plated [55]. This 
process was studied in more detail by examining the plated surface at different 
stages of the plating process. A crystallization overpotential was found to 
exist for molybdenum carbide deposition, and nucleation occurred at many 
sites to form a compact layer. 

In addition to metallic oxyanions, complex fluorides, e.g. K2 TaF 7' have 
also been used as precursors. Which one is preferable for a particular metal 
depends on the chemistry and electrochemistry of the two species. In the 
next section the current state of affairs with respect to carbide plating of the 
nine refractory metals will be described. As will become obvious, progress 
has reached very different stages for the different metals. 

4.5.3 Individual carbides 

The sequence of carbides described in this section is the same as in Chapter 
2 for the refractory metals. Since the properties of carbides ~ phase diagrams, 
thermodynamic properties, crystallographic properties, hardness, and chemical 
reactivity ~ are described in detail by Storms [2], the main emphasis in this 
chapter is on the electroplating of coatings. In general, all the refractory 
carbides are quite hard, but they differ considerably in their oxidation 
resistance. The choice of which carbide to plate for a specific application 
depends on its exposure conditions; generally these are wear, erosion and 
high temperatures. In general, the oxidation resistance of carbides does not 
extend to as high a temperature as that of silicides and borides; this is because 
the carbon ~ usually held interstitially ~ oxidizes to a gas. 

TItanium 

The Ti~C system shows only one compound, TiC, which exists over a very 
wide composition range. Vickers hardness ranges from 1600 to 2800. 
Oxidation resistance is low, formation of Ti02 beginning at 450°C. 

No attempts to plate TiC or to synthesize it electrochemically have been 
reported. Stern [56] considered both K2 Ti0 3 and K2 TiF 6 as potential 
starting materials. K2 Ti03 is only slightly soluble in FLINAK at 750°C 
( < 0.2 mol%) and is not reducible below the cathodic limit of the solvent. 
K2 TiF 6' which is used to plate the metal, reacts as an acid with carbonate 
as a base in a reaction evolving CO2: 

K2 TiF 6 + 3K2C03 = K2 Ti03 + 3C02 + 6KF 

This is a general reaction that interferes in the electrodeposition of all 
refractory carbides which use the complex fluoride of the metal as reactant. 
However, as has been studied in detail for tantalum carbide (see below), the 
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reaction generally does not go to completion and the carbide can still be 
plated by a judicious choice of conditions. For titanium this has not yet been done. 

Zirconium 

As for titanium, only a single compound, ZrC, exists in this system. It oxidizes 
rapidly above 500 °c. No attempts to plate this compound have been carried 
out, but Stern [56J has reported some preliminary studies of combining ZrF 4' 

a precursor for zirconium plating [57J with K2C03 . For a Zr/C ratio near 
1 the solution turns cloudy because an insoluble material is formed, most 
likely Zr02: 

ZrF 4 + 2K2C03 = Zr02 + 2C02 + 4KF 

Further work is required to see if this reaction goes to completion. Zirconates 
are also insoluble and therefore cannot serve as reactants. 

Hafnium 

HfC appears to be the only carbide in the Hf-C system. The U.S. Bureau 
of Mines has studied the preparation and properties of melted HfC and found 
that both its melting point and hardness vary with the carbon content [58]. 
So far, no studies related to the electrodeposition of this material have been 
reported. 

Vanadium 

Two carbides, VC and V 2C are known in the V -C system. Although the 
hardness varies somewhat with composition, it generally lies between 2000 
and 3000, making it one of the hardest materials known. Powdered V 2C 
reacts slowly with air at ambient temperature, but the monocarbide is 
probably stable up to several hundred degrees. 

Vanadium carbide has been prepared metallurgkally [59J, but not 
electrochemically. Stern [56J has reported some preliminary studies of 
vanadate reductions in FLINAK. The solubilities of both Na V03 and 
Na3 VO 4 were high enough to permit reduction studies. The Na V03 was 
clearly reducible, but its reduction resulted in the formation of a dark material; 
it was not the metal, but it could not be identified. 

Niobium 

This metal, called columbium in the older literature, forms two carbides, 
NbC and Nb2C. The hardness depends on composition, but is probably near 
2000 kg/mm2. NbC is quite unreactive, and air corrosion only becomes severe 
above 1000 0C. 
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Hockman and Feigelson [60] synthesized NbC electrolytically from a melt 

containing Na2B4 0 7, NaF and KF as solvent, and Nb20 s and Na2C03 as 
solutes. Composition and electrochemical parameters had to be carefully 
adjusted to prevent the formation of other products, e.g. borides, but in any 
case the product was obtained only as discrete crystals in a matrix of frozen 
melt. Stern [56] studied the behavior of both LiNb03 and K2NbF 7 in 
FLINAK at 750°C. The oxyanion is fairly soluble and could be reduced 
below the cathodic limit of the melt; nevertheless, the product was not the 
metal but probably some lower-valent compound. The fluoride reacted with 
the carbonate in the acid-base reaction common to all the refractory metal 
fluorides: 

K2NbF 7 + 3K2C03 = KNb0 3 + 3C02 + 7KF 

However, CO2 evolution stops when the Nb/C ratio reaches 1, indicating 
that the reaction does not go to completion. 

In view of the desirable properties of vanadium carbides, and the fact that 
the acid-base reaction does not prevent the electrodeposition of tantalum 
carbide (see below), further work on the electrodeposition of niobium carbide 
coatings seems warranted. 

Tantalum 

The tantalum-carbon phase diagram shows two carbides, TaC and Ta2C. 
The hardness of TaC is in doubt, values between 1500 and 2000 having been 
reported. The hardness of Ta2C seems to be near 1000kg/mm2. Burning 
occurs in pure oxygen above 800 °C, suggesting that the compound is stable 
to nearly that temperature in air. 

Hockman and Feigelson [60] prepared small crystals of TaC under the 
same conditions as NbC (see above). Stern and Gadomski [61] seem to have 
been the first to electroplate adherent coatings of tantalum carbide, using 
FLINAK as solvent and K2 TaF 7 and Na2C03 as solutes. The composition 
of the coating - Ta, TaC, Ta2C and their mixtures - depended both on the 
solute concentration and the voltage applied between the tantalum anode 
and the nickel cathode. Thermogravimetric tests showed that the coating 
was stable into the 500-600°C range. Hardness was measured as 1600 ± 100 
kg/mm2, and mechanical tests showed that the coating is highly adherent, 
probably because it is anchored to the substrate by a thin tantalum-nickel 
interdiffusion zone. The process is covered by a patent [62]. 

After the acid-base reaction between refractory metal fluorides and 
carbonates was discovered, the effect of this reaction on tantalum carbide 
plating was investigated by various techniques [63]. In common with other 
fluorides (see above), CO2 is evolved from TaF~ - -CO; - melts at temperatures 
as low as 500 0C. Also in common with other fluorides the reaction 

K2 TaF 7 + 3K2C03 = KTa0 3 + 3C02 + 7KF 
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does not go to completion and sufficient reactant concentrations remain in 
the melt if the initial TalC ratio is carefully chosen. Detailed voltammetric 
studies showed that when the CfTa ratio is 3, the peaks characteristic of 
tantalum reduction completely disappear, indicating that the KTa03 which 
is formed completely passivates the electrode. Even at ratios as low as 1, 
carbonate affects the voltammetric tantalum reduction peaks. However, near 
this ratio Ta2C can be plated successfully because sufficient carbonate for 
carbide formation remains in the melt, and the partial passivation of the 
cathode for Ta(V) reduction impedes the direct plating of tantalum metal. 
Similar detailed studies would probably be useful to permit the plating of 
other refractory carbides. 

Chromium 

The Cr-C phase diagram shows three carbides: Cr23C6, Cr7C3 and Cr3C2. 
The hardness is in the 1000-1400 range for Cr3C2. The carbides resist 
oxidation into the 800-1000·C range. 

Although chromium plating from molten salts has been studied by several 
workers [64-68], only one study of chromium carbide plating has been 
reported [69]. In this work two possible precursors were studied: CrO~
was found to be quite soluble in FLINAK at 750 ·C, but could not be reduced 
below the cathodic limit of the melt; based on previous work on chromium 
metal plating, CrF2 was then chosen as precursor. Addition of carbonate to 
this melt leads to the usual CO 2 evolution reaction 

which does not go to completion. Since plating experiments for the metal 
showed that a temperature of a least 850·C was required to avoid dendrite 
formation, a temperature range of 850-900· was adopted for carbide plating. 
Chromium carbide coatings were obtained for Cr/C ratios near 1, but the 
current efficiency did not exceed 10%. No metal and no carbide were obtained 
if Cr(IlI) was used. Since all the carbides exhibit closely spaced X-ray 
diffraction lines, the stoichiometry of the coating could not be determined. 
Although the low current efficiency is disappointing, the fact that chromium 
carbide has been successfully plated suggests that improvements would result 
from the optimizing of concentration and electrochemical parameters. 

Molybdenum 

There are two carbides of molybdenum, MoC and M02e. The monocarbide 
is thermodynamically unstable at ambient temperatures, but it can be 
prepared at high temperatures then cooled without decomposing. The 
carbides are oxidized in air at 700-800 ·C, and the hardness of the dicarbide 
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has been reported to be near 1500. Their main application is probably the 
protection of metals from wear up to temperatures of a few hundred degrees. 

The first attempt to electrodeposit these carbides was made by Weiss [8J, 
who formed small crystals from a borate-halide melt. Which carbide was 
formed depended on both the MojC ratio and the electrochemical parameters. 
Since then there have been reports of several other studies whose objective 
was the electrolytic preparation of M02e. Heinen, Barber and Baker reported 
[70J obtaining a firmly adherent plate of the dicarbide, consisting of dendritic 
crystals, from the electrolysis of a melt consisting of NaF, KF, Na2B4 0 7, 

Na2C03 and molybdenite. Similar results were also reported by Indian 
workers [71J using nearly the same melt. In both cases the objective was to 
use the carbide as a starting material for producing the metal. 

Successful attempts to plate adherent and continuous coatings have been 
made only recently. It is noteworthy that all of them have used molybdates, 
which are easily reducible, rather than complex halides. This is despite the 
fact that the metal has been successfully plated from chloride melts [72]. 
However, the molybdenum chemistry in these melts is quite complex [73J, 
and molybdates offer a more straightforward path to reduction. (For a more 
extended discussion of this topic see Chapter 2). 

Shapoval et al. [53J predicted the feasibility of plating molybdenum carbide 
by the simultaneous reduction of MoO;- and CO2 in an NaCl-KCl melt 
acidified with Mg(II). Their evidence that the reduction occurs was based on 
voltammetry, rather than plating. However, in later work [55J the formation 
of molybdenum carbide from tungstate-molybdate melts was observed, but 
mainly from the point of view of observing the initial stages of crystallization. 

Successful attempts to plate M02C have recently been reported by Topor, 
Selman and and Aladjov [74, 75]. They used FLINAK as solvent, and K2C03 

and Na2Mo04 as solutes at a temperature of 850 0e. Good adhesion resulted 
from a nickel-molybdenum interdiffusion layer where nickel was the 
substrate. Additions of Na2B4 0 7 and the use of current reversal techniques 
further improved the quality of the coatings. In a subsequent mechanistic 
study [50] the authors find molybdate reduction to be quite complex, 
involving several intermediate oxidation states and chemical reactions. As 
already discussed in secion 4.5.1, carbonate reduction is highly temperature
dependent, occurring only above 700 °C, the product being carbon. The 
elements then react on the surface to form the compound. 

Tungsten 

The tungsten-carbon phase diagram shows two carbides, WC and W2e. 
Early hardness measurements are affected by questions of which carbide was 
being measured, but recent results indicate values near 1500 for W 2C and 
near 2000 for WC; WC is stable in air up to 700 0e. 

Despite the useful properties of tungsten carbide, very little work has been 
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done to electroplate it. Early work by Weiss [8] showed that both WC and 
W 2C could be plated from borate-fluoride melts, but only as dispersed 
crystals. Which carbide was plated depended primarily on the melt composition. 
Gomes and Wong [76] studied many melt compositions in NaCI containing 
various proportions of Na2 W04 , Na2B20 4 , NaOH and Na2C03. The 
composition of the deposit depended on the melt composition, but in all 
cases the deposit was powdery. Shapoval et al. [77] electrodeposited tungsten 
carbide powder from a KCI-NaCI-Na2 WO 4 melt containing Mg(II), under 
a pressure of CO2. The gas served both as a source of carbon and an adjuster 
of acidity. Dense and adherent coatings of W 2C were obtained by Stern and 
Deanhardt [78] from a FLINAK melt containing Na2 W04 and Na2C03 

on nickel substrates at -1.0 to -1.5 V relative to a platinum quasi-reference 
electrode. The detailed microstructure of the coating depended on both the 
melt composition and the voltage, but it was always dense and columnar. It 
followed the lines of an engraving 25 Jim wide and deep, so perhaps it could 
be used to harden engraving plates. 

Silicon carbide 

Silicon is not a metal but its carbide, SiC, has long been known as an 
extremely hard and erosion-resistant material. It would also be useful for 
semiconducting devices which can tolerate high temperatures and radiation 
levels. The electrodeposition of the compound obviously requires the 
simultaneous deposition of the elements. Silicon was discussed in section 4.4 
and carbon in section 4.5. The only reported attempt to plate SiC was by 
Elwell, Feigelson and Simkins [79], who reduced K2SiF 6 and Li2C03 . 

Although SiC was plated from both fluoride and borate-fluoride solvents, 
the best results were obtained from a pure melt of the two reactants at 
1000-1050°C. At this temperature the vaporization of the carbonate and 
reactions of the melt with the container begin to be troublesome. Otherwise, 
even higher temperatures seem to be beneficial. 

Some of the problems cited by the authors are associated with the desired 
objective to produce crystals with a particular structure (SiC exists in several 
crystalline modifications). For refractory coatings these problems might not 
exist, and further work on the process would seem to be warranted. 

Boron carbide 

Boron carbide, B4 C, is another nonmetallic carbide which is extremely hard 
and would seem to be desirable as a coating material. Methods for 
electrodepositing boron and carbon are well established and have been 
described in this chapter. However, a literature search shows no previous 
work in this field. Studies to determine under what conditions the elements 
react on the surface would seem to be of considerable interest. 
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4.6 CONCLUSIONS 

The electrodeposition of refractory compounds is clearly an underdeveloped 
field, both with respect to fundamental research and the development of 
practical applications, although many of the 27 refractory borides, silicides 
and carbides (not counting multiple stoichiometries) would surely make 
excellent coatings, based on their known properties. 

Only for carbides is enough known to at least attempt a systematization 
of preparative procedures [56]: the ease of carbide plating increases from 
group IVA to VIA of the periodic table, and with increasing atomic weight 
of the metal. All complex fluorides can be reduced to the metal (see Chapter 
2), but they react with carbonates to produce CO 2 , However, since this 
reaction does not go to completion, the carbides can still be plated by a 
judicious choice of conditions. This has been demonstrated so far only for 
tantalum [62, 63]. The utility of oxyanions for carbide plating depends on 
the solubility of their alkali metal salts, which appears to be inversely related 
to their melting points. So far, only the carbides of chromium [69J, 
molybdenum [74, 75J and tungsten [78] have been successfully plated; 
oxyanions of the other six, with the possible exception of vanadium and 
niobium, are either too insoluble or not reducible. 

Only five borides - tungsten [8J, molybdenum [8J, tantalum [20J, 
zirconium [18J and titanium [22-24] - have been studied. Of these, only 
the last two have been produced as coatings. Further work on these hard, 
corrosion-resistant materials seems warranted. 

Refractory silicides have received even less attention. Tantalum silicide has 
been successfully plated [41J, but even preliminary studies have only been 
carried out on titanium [38-40]. Considering the known corrosion resistance 
of these materials at high temperatures, this is certainly surprising. 
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Laser assisted surface coatings 
J. Mazumder 

Lasers provide the unique tool for high quality surface modification. With 
the development of continuous wave (CW) CO2 lasers of high output power, 
surface modification technology is rapidly growing in the identification of 
new and improved processing methods. Many surface-related failures by 
mechanisms involving wear, corrosion, erosion or high temperature oxidation 
can be minimized by laser surface modification techniques such as laser 
surface alloying, laser cladding, laser chemical vapor deposition (LCVD) and 
laser ablation. Laser ablation is a relatively new application for laser assisted 
coating and is used extensively for high 7; superconducting films; it has 
almost become a field in itself. This chapter does not cover laser ablation. 

The main topics of this chapter are alloying, cladding and chemical vapor 
deposition. These processes allow the surface properties of a structure to be 
tailored to the surface requirements of the application without sacrificing the 
bulk characteristics of the structure. The additional advantage of this is that 
strategic materials, which are expensive or scarce, can be conserved. The 
inherently rapid heating and cooling rates associated with the laser surface 
modification technique produce metastable and nonequilibrium phases and 
offer the possibility of new materials with novel properties. 
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Laser surface alloying 

5.1 LASER SURFACE ALLOYING 

5.1.1 Principles of laser surface alloying (LSA) 

75 

Laser surface alloying (LSA) is a process whereby a thin layer at the surface 
of a metal is melted by a laser beam with the simultaneous addition of the 
desired alloying element, thus changing the surface chemical composition of 
the metal. The concept of laser surface alloying is shown in Fig. 5.1. This 
shows the cross-sectional sequence of LSA [1]. 

Figure 5.la shows that the substrate (B) coated with alloying element (A) 
is irradiated with the laser beam. For most metals and laser wavelengths 
used for materials processing, a large fraction of the laser energy will be lost 
by specular and diffuse reflections. Part of the energy is absorbed by the 
substrate via inverse bremsstrahlung interaction of substrate free electrons 
and laser beam photons. The absorbed energy raises the surface temperature 
above the melting point almost instantaneously (~ 1 ps) and the liquid-solid 
interface moves (solid arrow) through the alloy element layer towards the 
substrate, as indicated in Fig. 5.lb. Within a short period, the liquid-solid 
interface reaches the substrate, and interdiffusion begins between the alloying 
element and the substrate (Fig. 5.1c). By the time the maximum melt depth 
is achieved (Fig. 5.1d) the laser beam has swept across the spot and 
solidification starts (Fig. 5.le). Solidification completes very quickly and forms 
a surface alloy ofAxB 1 _ x (Fig. 5.lf). The solidification is so rapid that diffusion 
in solid state can be neglected. This rapid solidification often leads to novel 
metastable phases and sometimes even metallic glasses. The modified surface 
thus processed can have superior chemical, physical or mechanical properties. 
The depth of the alloyed zone, which coincides with the diffusion depth of 
the alloying elements, can be controlled by the laser power and the dwell 
time of the laser beam. Depending on the choice of alloy design at the surface, 
a less expensive base material, such as AISI 1020 steel, can be locally modified 
to increase resistance to corrosion, erosion, wear and high temperature 

(a) (b) (c) (d) (e) (I) 

Figure 5.1 Stages of laser surface alloying [1]. 

Laser 
surface 
alloying 
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oxidation; only those surfaces locally modified will possess properties 
characteristic of high performance alloys. 

5.1.2 Process variables 

The major independent process variables for laser surface alloying are as 
follows: (1) laser power, (2) beam diameter, (3) traverse speed, (4) absorptivity, 
(5) amount of alloying element added, (6) thermophysical properties of the 
substrate and alloying element and (7) degree of overlapping for surface 
alloying oflaser areas. The major dependent variables are (1) depth, (2) width, 
(3) solute content and (4) microstructure of the laser alloyed zone (LAZ). 

There is a great deal of data available determining the feasibility of laser 
surface alloying of various binary, ternary and quarternary systems [2, 3, 4] 
but no significant study has been carried out to determine the effect of 
independent process variables on dependent process variables except one 
report by Chan de and Mazumder [5]. With the help offactorial experimental 
design, they determined the effect of process parameters on dependent 
variables and also addressed the issue of reproducibility. The important 
observations are summarized below. 

Depth of laser alloyed zone 

The LAZ depth is influenced by the power, diameter, speed and the diameter 
times speed (DXS) interaction. The power does not seem to interact with 
diameter or speed over the tested levels of the two factors reported by Chande 
and Mazumder [5]. Hence, its effect may be interpreted independently, 
whereas the interpretation of the effect of speed or diameter must also include 
the level of the other. 

An increase in the power increases the depth irrespective of the level of 
diameter and speed. An increase in total power will supply more energy at 
the surface that will enhance heat flow into the substrate, increasing the LAZ 
depth. 

An increase in both speed and diameter caused the depth to increase. An 
increase in the speed restricts the laser material interaction time and leads 
to a decrease in the depth. An increase in the diameter, at a given level of 
power and speed, decreases the power density at the surface and tends to 
make the temperature gradients more gradual. This will adversely affect the 
rate of heat flow under the irradiated spot and perhaps the nature of the 
laser-material interacion as well. Both will lead to a decrease in the depth. 
However, decrease in beam diameter, leading to power density exceeding the 
keyhole threshold, will increase the depth dramatically due to enhanced 
coupling by total internal reflection. For LSA it is advisable to operate in 
the power density range below the keyhole threshold. 
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Width of laser alloyed zone 
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Speed and power are two important variables affecting the LAZ width. The 
two variables do not seem to interact [6] and, therefore, their effects may 
be interpreted individually. An increase in total beam power increases the 
LAZ width, whereas increasing the speed decreases the width. 

With an increase in total power, for a given range of interaction times 
(estimated as beam diameter/traverse speed), more energy will be dumped 
on the surface, which will steepen the temperature gradients. This will 
strengthen fluid flow driven by surface tension [7], increasing convective heat 
transfer and thus increasing the width. On the other hand, for a given incident 
beam power, an increase in traverse speed will restrict the duration of laser 
material interaction and the substrate will absorb less of the incident power, 
leading to a decrease in the width. In the upper limit, as speed is monotonically 
increased, the laser-material interaction will have too little time to produce 
any appreciable effect and the substrate and laser are then said to decouple. 
This is to be seen in the data of Weinman, DeVault and Moore [8]. 

Solute concentration in LAZ 

Various methods can be used to add the alloying elements during laser surface 
alloying [3]. Some of the methods are given below. 

1. Electroplating [5, 8-12] 
2. Vacuum evaporation [13-18] 
3. Preplaced powder coating [19-23] 
4. Thin foil application 
5. Ion implantation [16, 17] 
6. Diffusion, e.g. boronizing [24, 25] 
7. Powder feed [26-29] 
8. Wire feed [30] 
9. Reactive gas shroud, e.g. C2H2 in Ar or N2 [31,32]. 

The first six methods can be classified as predeposition, where an alloying 
element is placed as a separate step before laser treatment. The last three 
methods are classified as codeposition, where the alloying element is added 
during the laser treatment [2]. The deposition technique will directly affect 
the solute concentration, but hardly any comparative study is available. To 
date, there has been only one publication directly comparing the different 
predeposition techniques [33]. 

For laser surface alloying of electroplated nickel on low carbon steel (AISI 
1020) [55] an increase in the power level decreases the solute content, whereas 
an increase in diameter and speed increases the solute content. This is also 
related to the melt volume. An increase in the power increases both the width 
and the depth of the LAZ. As the amount of alloying element (determined 
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by the thickness ofthe coating and the irradiated area) must now be dispersed 
through a greater melt volume, a lower average solute content results. An 
increase in the diameter significantly increases the width, whereas an increase 
in the speed decreases the depth and the width. Both result in lower melt 
volumes and greater average solute contents. 

An increase in the diameter causes a greater increase in nickel content at 
lower power levels. This is related to the melt volume; a reduced melt volume 
results from a decrease in power density at low power levels. One sees that 
melt volumes and average solute contents are inversely related. 

At high power levels, energy is still available at a sufficient rate to melt 
relatively large volumes with lower interaction times at higher speeds than 
at low power levels. Although an increase in the speed does decrease the 
melt volume and does increase the solute content at both low and high 
powers, the effect on solute content is greater at low powers than at high 
powers, which is consistent with the picture of reduced melt volumes and 
sensitivity transitions mentioned above. Chande and Mazumder [5, 6] also 
studied the fluctuations about the average composition by analyzing the 
composition printed out every 10 s during an EPMA trace of the LAZ. On 
analysis of this data, the fluctuations about the mean composition were found 
to increase as the diameter and speed increased. Thus, the uniformity in the 
composition increased as the diameter and speed decreased. A decrease in 
speed implies that the interaction time was greater; the pool was thus molten 
for a longer time and diffusion on a local scale could be expected to help 
level out composition gradients to a greater degree, leading to lower 
fluctuations about the average composition. A decrease in beam diameter 
steepens the temperature gradients above the melt pool, which enhances the 
vigor of fluid flow in the pool. This produces a finer dispersion of solute-rich 
pockets, and local diffusion works to produce uniformly alloyed laser alloyed 
zones [7]. The effects of independent process variables on dependent variables 
are summarized in Table 5.1. 

Reproducibility of LSA determined by replication in a statistically designed 
experiment was reported to be ±9% [5, 6]. Repeatability of the process 
depends upon the stability of the laser and its support systems and the mode 
of supply of the alloy element, but stability is more dominant. 

5.1.3 Applications 

The primary reason for laser surface alloying is common to all coating 
processes. Coating allows the surface properties of a structure to be tailored 
to the surface requirements of the application without sacrificing the bulk 
characteristics of the structure. An additional advantage is that materials 
which are expensive or scarce can be conserved. Surface alloying by laser 
produces coating thicknesses of 1-2000 ~m at a coverage on the order of 
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Table 5.1 Summary of effect of independent process variables on dependent variables 

Dependent variables Independent variables' Comments 

1. Width of LAZ i when P i No interaction between 
t when S i variables 

2. Depth of LAZ i when P i D and S interact 
t when S i Change in absorption 
t when D i mechanism 

3 N; content of LAZ i when D i P and D interact 
i when S i Related to melt volume 
t when P i 

4. Fluctuation of average i when D i 
composition i when S i 

• P = power; S = speed; D = beam diameter; r = increase; t = decrease. 

1 cm2/s. In light of the concern in the United States and European Union 
(EU) over strategic materials, the usefulness of LSA cannot be overemphasized 
(Fig. 5.2) [34]. LSA can playa key role in conserving strategic materials 
such as Co and Cr. 

Since the alloys are produced by surface melting, a high degree of adhesion 
is achieved in LSA. The high cooling rate [2] (l05 to 1011 K/s) characteristic 
of the laser surface alloying also produces a metastable phase [35, 36] and 
thereby offers the possibility of formation of new materials. 

Use of a high power laser beam as a heat source for the alloying process 
produces an additional cost benefit. Because the heat input from the laser 
beam is localized to the areas to be processed, distortion of the workpiece 
is substantially reduced. Belforte [37] reported that a cost analysis of laser 
alloying versus conventional hardfacing techniques suggests that cost savings 
of up to 80% can be achieved. 

Ferrous alloys 

The first attempt to study the feasibility of laser surface alloying was made 
by using a pulsed ruby laser [38]. But the attempt was only partially successful 
due to limitations in the availablity of laser power. Mirkin [39] reported 
that a low carbon, iron workpiece surface coated with graphite powder was 
melted and subsequently hardened to 1400 kg/mm2 up to a depth of 0.02 mm 
by using a 1.051!m wavelength laser beam with an energy of 35 J and pulse 
duration of 10- 3 s. Solid solutions containing 15-18 at% tungsten in iron 
with high crystal lattice distortion were observed after laser melting whereas 
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Figure 5.2 Dependence of United States and European Community on foreign imports 
for commercially important elements; numbers represent percentage imported relative 
to amount consumed [34]. 

under equilibrium conditions a maximum of 13 at% tungsten is soluble in 
IX-Fe [35, 36J, Tungsten carbide was dispersed into selected regions in a high 
speed tool steel to a depth of 0.5-1.25 mm by using a pulsed ruby laser with 
a nominal capacity of 5 J. Service life of the cutting tools after tungsten 
carbide dispersion increased by 100-200% because of wear reduction [40]. 

The scope for technically and commercially feasible laser surface alloying 
applications has increased greatly since the development of multikilowatt 
CW CO2 lasers around 1970. Seaman [41J and Gnanamuthu [23J reported 
the effect of temperature on hardness and microstructure of the laser surface 
alloyed casing on steel using a 10kW CW CO2 laser. Similar work was also 
reported by Hella [42]. Moore and Weinman [9J reported laser surface 
alloying of steel (AISI 1018) and discussed the processing condition and the 
diffusion during the laser surface alloying. 

Many reported works to date on laser surface alloying primarily discussed 
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the processing parameters for chromium addition to steel, AISI 1018 [9,23, 
41, 42]. A chromium concentration of up to 50% at the alloyed casing is 
reported to be achieved by Gnanamuthu [23]. With an 18 mm x 18 mm 
beam size, a 12.5 k W laser power and a 1.69 mm/s traverse speed, Seaman 
and Gnanamuthu [41] generated an alloy casing 21 mm wide and 1.95mm 
deep with 16% Cr on AISI 1018, which shows a martensitic structure of 
Rockwell C hardness 53. An alloy casing of composition 43% Cr and 4.4% 
Con AISI 1018 generated by a 6.4mm x 19mm oscillating (690 Hz) beam 
with 5.8 kW power and 21.17 mm/s traverse speed is reported to have a 
Rockwell C hardness of 64 [23]. In both cases the mild steel surface was 
coated with a slurry of chromium powder then melted using a laser beam. 

Moore and Weinman [8] carried out their laser surface alloying experiments 
with sputter-deposited chromium layers (1-20!lm in thickness) on AISI 1018 
steel. They used a traverse speed of 10-400 cm/s for a laser power range of 
2-9 kW. The chromium content of the alloy casing was reported to be 11% 
for 7.5 kW laser power, 38 cm/s traverse speed and 8!lm chromium coating 
thickness; using the same processing parameters but with a l.4!lm chromium 
coating thickness produced a chromium content of only 2% in the alloy casing. 

The electron microprobe study carried out by Moore and Weinman [9] 
revealed that the mixing of the alloying element is substantial throughout 
the melt pool for a sample with 0.5 ms interaction time (7.5 kW, 50 cm/s). 
Moore and Weinman [9] also reported a cooling rate of 105 to 107 K/s 
(measured from dendrite arm spacing), which is comparable to splat 
quenching [43]. 

Molian and Wood [44-46] reported microstructural observations on Cr 
surface alloys produced with a CW CO2 laser on commercial low carbon 
(0.2%) steel and high purity iron. 

Electrochemical studies of laser surface alloyed Fe-Cr and Fe-Cr-Ni 
alloys are also available [9, 26, 47, 48] and the general consensus is that the 
corrosion properties are at least as good as those of 304 stainless steel. 

Also enjoying attention is the making of surface layers for ferrous metals. 
Lin and Spaepen [49] have produced laser-alloys of modulated Fe-Fe3B 
films with 30 ps laser pulses from a mode-locked Nd: Y AG laser. Fe-B alloys 
of 5-24 at% B were found for LSA, compared to 12-28 at% B amorphous 
alloys produced by splat quenching. Gorogina et al. [50] studied the 
crystalline amorphous transition in seven binary, ternary and quarternary 
Fe-metalloid (B, Si, P, C) glass-forming alloys. They used continuous wave 
(CW) CO2 and transverse excitation atmospheric (TEA) CO2 lasers. Their 
calculated cooling rate was below the cooling rate normally required for 
amorphization of these compositions [51, 52]. Inal et al. and Inal and Yost 
have published detailed transmission and field ion microscopy results for the 
effect of Q-switched ruby lasers on FesoB20 amorphous alloy. The Fe-Cr-C-B 
system was studied by Bergmann et al. [31] and Bergmann and Mordike 
[20-22]. 
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Nonferrous alloys 

Most of the LSA studies of nonferrous alloys have been carried out on AI, 
Cu, Ni and Ti. Al and Cu are more difficult to process due to high thermal 
diffusivity and reflectivity. A recent bibliography on this subject is available 
[1]. Dates of various binary systems for an aluminum substrate were compiled 
by Picraux et al. [53aJ and are presented in Table 5.2. 

Draper and Ewing [IJ published a chronological list of laser surface 
alloying literature which summarizes various alloying systems and analytical 
studies carried out in the field; it is expected to serve as a quick survey. There 
are also several review articles: Draper and Poate [2J, Steen [3J, Draper [4J, 
Draper and Ewing [IJ, Draper [57J, Draper [4aJ, Follstaedt [58J, Sood 
[59J, Draper and Poate [60J, Snow, Breinan and Kear [61J, and Breinan, 
Snow and Brown [62]. All are good sources for literature on the subject. 

5.2 LASER SURFACE CLADDING 

Laser surface cladding is a process similar to laser surface alloying except 
that dilution by the substrate material is kept to a minimum. Similar to LSA, 
it can also provide tailored surface properties. 

As a cladding process, it exhibits many advantages over alternative methods 
such as plasma spraying and arc welding. These advantages include a 
reduction in dilution, a reduction in waste due to thermal distortion (very 
little energy is absorbed by the substrate in comparison with plasma spraying 
and arc welding); a reduction in deposit porosity and a reduction in 
postcladding machining costs because the material can be more accurately 
placed; thicknesses between 0.3 and 3 mm can be deposited in one pass; 
rapidly solidified microstructure; noncontact method of application; relatively 

Table 5.2 Comparison of maximum equilibrium solid solubilities Co in Al to those 
achieved by ion implantation followed by Nanosecond pulsed melting Cp as 
determined by ion-channelling measurements 

Element Co (at%)" Cp (at%)b Cp/Co 

Cr 0.4 7.0 (I) 
Cu 2.5 2.1 (e) 
Mo 0.07 1.5 (I) 
Ni 0.023 0.4 (e) 
Sb 0.03 0.9 (I) 
Sn 0.02 0.7 (e) 

a Maximum equilibrium solid solubility reported in the literature [54-56]. 
b Pulsed heating method of ruby laser (I) or electron beam (e). 
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smooth surface finish ( ~ 25 ~m RMS) and the process is omnidirectional 
and can be easily automated. 

5.2.1 Principles of laser cladding 

The principles of laser cladding are similar to LSA, except that dilution by 
the substrate material is kept to a minimum. 

5.2.2 Process variables 

Similar to LSA, however, one of the important observations is that pneumatic 
powder feed at the beam-substrate interaction point provides the highest 
cooling rate as opposed to preplaced powder or wire feed [63]. A good 
discussion of the process parameters is available in Weerasinghe and Steen 
[64], Steen et al. [65] and Steen [66]. The window of operation for laser 
cladding is relatively small compared to surface alloying. In order to minimize 
dilution, the combination power density and interaction time is critical. Below 
the optimum range, the metallurgical bond will not be possible or there will 
be an interface full of discontinuities and porosity. Above the optimum range, 
dilution will increase. 

5.2.3 Applications 

The applications for laser cladding are very similar to those of laser surface 
alloying. Unlike laser surface alloying, there is very little or no dilution of 
the clad material. This makes laser cladding more potent for tribological 
applications. . 

Its potential for tribological applications was demonstrated by Gnanamuthu 
[23] by laser cladding of Tribaloy T-800 on ASTM A387 steel and Haynes 
Stellite alloys on AISI 4815 steel. It was observed that composition and 
microstructure were uniform across the cladding thickness. Subsequent 
evaluation of the clad material was restricted to hardness measurement and 
microstructure characterization. 

Belmondo and Castagna [67] studied laser cladding of a powder mixture, 
which consisted of chromium carbides, chromium, nickel and molybdenum. 
Wear tests were carried out by Belmondo et al. on reciprocating motion 
testing equipment. Test data revealed that laser clad surfaces have superior 
wear properties compared to plasma sprayed surfaces. 

5.2.4 Synthesis of nonequilibrium metallic phases 

Inherently rapid cooling rates in laser cladding and surface alloying are being 
used to engineer nonequilibrium microstructures which cannot be rivaled by 
other processes. One of the major applications is the design of materials with 
tailored properties [68]. 
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What is nonequilibrium synthesis? 

Nonequilibrium synthesis is a method to produce binary or higher order 
materials where the kinetics of the process affect the transport of the 
constituent elements during phase transformation, resulting in a composition 
or crystallographic configuration different than that observed in the equilibrium 
condition, when the elements arrange themselves with the lowest possible 
Gibbs free energy. Figure 5.3 illustrates the phenomenon. A phase diagram 
under equilibrium conditions is shown as the solid line whereas the 
nonequilibrium phase diagram is shown as the dotted line. One can observe 
the shrinkage of the phase field under nonequilibrium conditions. Any alloy 
composition between the solidus lines of the equilibrium and nonequilibrium 
phase diagrams will be a nonequilibrium alloy with extended solid solution. 

Besides deviation of composition from the normal, crystallographic 
configuration may sometimes be a result of nonequilibrium processing. 
Martensite in hardened steel is an example. 

Why nonequilibrium synthesis? 

A wide variety of microstructures can be generated, including extended solid 
solution and amorphous phase. Many surface-related failures, such as 
corrosion, oxidation, wear and fatigue, may be minimized or eliminated using 
these techniques. In this process, compositionally graded structure can be 
produced to minimize thermal stress due to the difference in coefficient of 
expansion. Another advantage of this method is that enormous savings of 
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alloying elements, which are often expensive or strategically important, can 
be achieved because only the surface is being modified. 

Inherently rapid solidification involved in laser alloying and cladding 
provides a unique opportunity for nonequilibrium synthesis of novel alloys 
with extended solid solution. This has been experimentally observed for 
various binary, ternary and quaternary alloy systems. Compositions of alloys 
produced by laser aided synthesis often exceed the solid solubility limit, far 
beyond that expected from any equilibrium phase diagram. They offer the 
possibility of new materials with novel properties. The surface properties of 
a structure can now be tailored to the surface requirement of the application 
without sacrificing the bulk characteristics of the structure. 

Moreover, the great control provided by the laser gives laser processing 
the potential of synthesizing nonequilibrium materials in near-net shape. In 
fact, such a goal has recently been realized and the proof of the concept is 
already available in processes such as laser glazing [69]. There are other 
methods [70] of producing nonequilibrium metallic materials using rapid 
solidification technology (RST) such as atomization, twin-roll quenching, 
and melt spinning. However, in order to make an engineering component, 
these materials produced by conventional RST need to be consolidated, but 
in the consolidation process, temperature and pressure cycles induce phase 
transition in a metastable material. Thus, laser processing has far-reaching 
implications for synthesis of nonequilibrium materials. 

How to make tailored properties by nonequilibrium synthesis? 

The potential of laser beams to produce metastable phases derives from their 
ability to induce rapid localized heating and melting and almost equally 
rapid quenching of the melt. Cooling rates up to 1014 K/s have been reported 
[71-73]. Laser processing with cooling rates of around 105 K/s is quite 
common [74]. In general, under such high cooling rates, two phases can be 
produced: glassy phases or metastable cystalline phases with composition 
and crystallographic configuration different than those predicted by the 
equilibrium phase diagram. Formation of glassy phases at cooling rates of 
around 106 K/s is only possible for typically eutectic alloys of three or more 
elements, often including metalloids. Higher cooling rates (1010 to 1014 K/s) 
enable glass formation in many binary and ternary alloys. But such versatility 
comes at the expense of the thickness of the quenched region. 

Strategy for nonequilibrium synthesis for tailored properties 

Selection of phases 
A face-centered cubic (FCC) structure, for example, with a large number of 
available slip planes will be beneficial for ductility, whereas brittle noncubic 
phases with limited numbers of available slip planes will promote hardness 
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and wear resistance. A combination of them with duplex phases is often 
needed to provide adequate toughness during service with reasonable wear 
resistance. Selection of phases is extremely important for desired mechanical 
properties. 

Selection of elements 
Selection of elements is important for promoting certain phases as well as 
for protection against chemical degradation such as corrosion. For example, 
chromium promotes a body-centered cubic (BCC) phase for ferrous alloys 
and Cr 203 forms passive layers to inhibit corrosion at temperatures up to 
800 DC. Reactive elements such as yttrium and hafnium are known to stabilize 
Al20 3 at temperatures above 800 DC, leading to high temperature oxidation 
resistance. 

Selection of process parameters 
Although it is well known that Y and Hf - reactive elements with a high 
atomic number - can improve high temperature properties, their dissolution 
is rather difficult. Processing techniques promoting atom trapping and 
extending solid solution are crucial to the incorporation of such alloys. As 
explained above, this is helped by the high cooling rates and strong convection 
inherent to laser melting and solidification. The important consideration is 
the synthesis of information from phase transformation kinetics and processing 
transport phenomena so that the chosen process parameters promote the 
desired phases and chemistry. 

What was done before? 

During the 1990s, considerable progress has been made in developing 
tailor-made materials by laser surface modification (LSM). Laser surface 
alloying (LSA) and laser cladding are two major LSM techniques for synthesis 
of unique materials. The review by Mazumder et al. [68] provides an excellent 
survey of the field. Mazumder et al. [75] and Singh and Mazumder [76-79] 
have reported various systems of metastable laser clad alloys, which include 
Fe-Cr-Mn-C (Mazumder et al. [75]; Singh and Mazumder [76, 77]; Choi 
and Mazumder [80]), Ni-Cr-AI-Fe-Hf [78], Ni-Cr-AI-Hf on Inconel 
718 [81, 79], Ni7oAl2oCr7Hf3 on nickel [82]. The ferrous alloys exhibited 
exceptional wear properties [80]. The wear scar for laser clad ferrous alloy 
was one-third that of the Stellite 6 after a lubricated line contact wear test 
(Fig. 5.4). The Ni alloys showed improved oxidation resistance up to 
1200-1400 DC [83, 84] after a cyclic oxidation test. Commercial nickel 
superalloys under similar conditions lost significant weight (Fig. 5.5). These 
are good examples of how surfaces can be engineered for specific needs. 

Various conventional metals and alloys are also laser clad, including 
Ni-Cr-Fe (stainless steel) on mild steel [85], 316 stainless on mild steel (En3) 
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[64], Wallex 6PC on mild steel [86], colmonoy 52M on mild steel [16, 17] 
and Stellite and Tribaloy on Nimonic 75 [87]. 

Steen [66] and Steen, Weerasinghe and Monson [65] have summarized 
their processing parameter data for laser cladding and developed an operating 
diagram as shown in Fig. 5.6. There are also some important modified laser 
cladding processes which are of interest. 

Reverse machining, a process proprietary to General Electric, is used to 
repair aircraft components with Ni and Ti base alloy powder feed. Using the 
same powder composition as the substrate, damaged areas can be built up 
by reverse machining. The similar buildup technique with the same powder 
as the substrate or different alloy powders, depending on the application, is 
also applied for building up edges of turbine blades, as shown in the Fig. 5.7. 

Laser cladding with optical feedback system can improve the process 
efficiency by 40% [3, 64]. This process is carried out under a hemispherical 
mirror, as shown in Fig. 5.8 [66], which reimages the reflected laser beam 
back to the clad pool, increasing the beam power utilization. 

Substantial reduction of crack and porosity was achieved by vibro laser 
cladding [88]; cladding proceeds while the substrate is vibrated ultrasonically. 
However, this is only applicable for small components. 
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Figure 5.7 Turbine blade build up. (Courtesy Todd Rockstroh) 

5.3 LASER CHEMICAL VAPOR DEPOSITION (LCVD) 

The need for localized deposition of hardcoating and semiconducting 
materials gives the most important incentive for research activities in LCVD. 

The advantages of LCVD include the following: 

1. Control of area and depth heated 
2. Rapid heating and cooling 
3. Cleanliness 
4. Spatial resolution and control of the deposited film 
5. Limited distortion of the substrate 
6. The ability to interface directly with laser annealing and diffusion of 

semiconductor devices. 
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Laser beam Ar gas in , 
Focusing lens 

0( Direction of substrate traverse 

Figure 5.8 Arrangement for laser cladding by the blown powder technique [66]. 

5.3.1 Principles of LCVD 

Laser chemical vapor deposition can be achieved either by photodissociation 
or by thermal dissociation. In photolysis, laser photons are absorbed directly 
in continuum (i.e. bound-free) electron transition [89,90]. In pyrolysis, laser 
photons are absorbed by the substrate, raising its temperature; this includes 
endothermic reaction for a suitable gaseous atmosphere, leading to the desired 
deposit. Some typical LCVD reactions are given in Tables 5.3 and 5.4 [163]. 

LCVD by pyrolysis is best described by referring to Fig. 5.9. The laser is 
focused through a transparent window and the transparent reactants onto 
an absorbing substrate, creating a localized hot spot at which the reaction 
takes place. The absorptivities of the reactants and the substrate determine 
the choice oflaser wavelength. As the deposition reaction is thermally driven, 
LCVD is exactly analogous and superficially similar to conventional CVD 
but actually differs in the following ways. 

Localized deposition 

The most obvious difference is that the deposition is localized because the 
heat source is localized; it is impossible to achieve using conventional CVD. 

High deposition rate 

LCVD deposition is fast; coatings on the order of 111m thick can be deposited 
in approximately 0.1 s. This translates into coating rates of mm/min. For 
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Table 5.3 Photochemical deposition 

Reactants or Laser 
external medium wavelength Process 

Gas phase 

Electronics Fe(CO)s 257nm Photodeposition of Fe, W, Cr 
Photochemistry W(CO)s [119] 
(localized reactions) Cr(CO)6 

Cd(CH3lz 257nm Photodeposition of Cd, Zn, AI 
Cd(CH)3 [120, 121] 
Zn(CH3)2 
AI(CH3)6 [122] 
Cd(CH3)2 157nm Photodeposition of Cd [123] 
Ga(CH3h 257nm Photodeposition of Ga [124] 
Mn2(CO)10 337.4-356.4nm Deposition of Mn [125] 

Electronics Pb(CH3)4 254nm (1 A) Deposition of Pb [126] 
Photochemistry 
(large-area reactions) SiH4/NH 3 193-257nm Deposition of SiO, SiN 

SiH4/N2o [127-129] 
Zn(CH3)2/N02 193nm Deposition of ZnO [129] 
AI2(CH3)6 150nm (1 A) Deposition of Al [130] 
Si4, GeH4 193 nm, 248 nm Deposition of Si, Ge [131] 
Ga(CH3h UV lamp Deposition of Ga, In [132] 
In(CH3h 
W(CO)6 193 nm, 248 nm Deposition of W, Mo, Cr [133] 
MO(CO)6 260-270nm Deposition ofW, Mo, Cr [133] 
Cr(CO)6 
Zn, Mg atoms 248 nm, 308 nm Deposition of Zn, Mg [134] 

Vibrational SiH4 9-11 11m Deposition of Si [135, 136] 
Photochemistry 
(large-area reactions) SiH4/NH3 9-11 11m Deposition of Si3N4, SiC 

SiH4/C2H4 powders [135-137] 

Photochemical deposition 

Electronics Cd(CH3J2' 257nm Prenuc1eation 
Zn(CH3lz 

Photochemistry AI2(CH3)6 193nm Photodeposition [89, 90, 119, 
(localized reactions) 122, 138] 

TiCI4 257nm Catalyzed photodeposition 
[139] 

Methyl 257nm Polymerization 
methacrylate 
Cd(CH3) 337-676nm Photodeposition [140] 

Electronics Fe(COs) 253.7 nm (1 A) Photodeposition [141] 
Photochemistry 
(large-area reactions) 

Zn(CH3b 193nm Deposition [142] 
Cd(CH3J2 
Hg(CH3lz 237nm 

Photoelectrochemical 

Photochemical Plating Band gap Plating onto InP, Si, GaAs 
reactions (localized) electrolytes radiation [143, 144] 

Vacuum Band gap Patterned evaporation on 
radiation ZnS on CdS [145] 
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Table 5.4 Thermal deposition 

Thermal reactions 
(UV /visible laser 
initiated, localized) 

Thermal reactions 
(UV /visible laser 
initiated, large-area) 

Thermal reactions 
(IR laser initiated) 

Laser 
External medium wavelength Process 

SiH4 Visible Deposition of Si [119, 146] 
Metal salt Visible Etching and plating [147, 150] 
Electrolytes 
C2H2 488nm Deposition of C[151] 
AI2(CH3)6 520-570nm Deposition of AI, An, Cd [140, 
Zn(CH3h 152-154] 
Cd(CH3)2 
WF6 Deposition of W on Si 

[155-157] 
Ga(CH3) 530nm GaAs on GaAs [158] 
AsH3 
Ni(CO)4 476-647nm Deposition of Ni [154, 159] 

H2O 193nm Formation of silanols [160] 

WF 6' Fe(CO)s 9-11 11m Deposition of Fe, W [116, 117, 
156, 157] 

Ni(CO)4 9-11 11m Deposition ofNi, Ti, Ti02, TiC 
TiCI4 [96] 
TiCIJC02 
TiCIJCH4 
Cu(HCOO)2 1.06 11m Deposition of Cu [161] 
Cobalt 9-11 !!ffi Deposition of CoO [98] 
acetylacetonate 
SiHJH2 9-11 11m Deposition of Si [118] 
SiCI4/H2 9-11 11m Deposition of Si [162] 

CO2 laser 

Purge gas inlet 

\kl;-t--H 
ZnSe lens 

NaClwindow 

~Topump 

Substrate 

Stage 

Reaction chamber 

Figure 5.9 Experimental setup for laser chemical vapor deposition. 



Laser chemical vapor deposition (LCVD) 93 

the reactions investigated to date, this rate is 2-4 orders of magnitude larger 
than standard CVD rates [91-93]. 

Heating and cooling rate 

There is a wide range of heating and cooling rates available using LCVD. 
Of particular interest are the very rapid thermal rise and fall times achievable 
in LCVD, which make it possible to control the grain size of the deposited 
film by varying the irradiation waveform. For example, very fine-grained 
(possibly amorphous) material can be deposited using short laser pulses. In 
contrast, large-grained material is produced in equilibrium CVD because of 
the long dwell time at high temperatures. 

Preheating of reactants 

Generating very high surface temperatures in very short times in LCVD also 
avoids preheating of the reactants. In conventional CVD, the resulting 
premature gas phase reaction is prevented by the inclusion of a buffer gas. 
Unfortunately, the buffer gas also suppresses the surface deposition. Other 
possibilities in LCVD include the use of nonstandard reactants; in conventional 
CVD the substrate may experience unwanted etching by nonstandard 
reactants or their reaction products. The decrease in the time at the reaction 
temperature and the area heated using LCVD should eliminate this problem. 

Gas flow rates 

In conventional CVD, deposition rates and film properties are a strong 
function of gas flow rates and therefore the overall geometry of the substrate 
and deposition chamber. Because of the localized heating and the fast 
deposition rates, LCVD should be essentially independent of flow characteristics. 

Surface reaction 

Direct heating applied to the surface of the substrate, and the reactants 
themselves, will favor heterogeneous reaction paths. Reaction kinetics will 
differ from those observed in standard CVD. 

Optical heat source 

Since the energy source is optical, the results will depend on whether an 
absorbing film is deposited on an absorbing substrate, a reflective film on 
an absorbing substrate, an absorbing film on a reflective substrate or a 
reflective film on a reflective substrate. In other words, the deposition rate 
is a function not only of the thermal properties of the film as in standard 
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CVD, but also of the optical properties. We have evidence from preliminary 
experiments, for example, of self-limiting in the deposition of metal films on 
an absorbing substrate due to the reflection of most of the laser pulse by the 
initially deposited film. The opposite effect is observed when an absorber, 
TiC, is deposited on a reflective substrate, stainless steel. 

Rough surfaces 

The use of an optical heat source will also produce different results on surfaces 
which have scratches, digs, pinholes, etc., as compared with conventional 
CVD. Both the absorptivity and the thermal behavior of the surface and the 
nucleation mechanism of the deposition will depend on the details of the 
surface profile. Under properly chosen conditions it may be possible to 
produce a coating which is smoother than the original substrate. In particular, 
cracks and holes will serve as radiation traps and will be hotter than the 
surrounding surface. This phenomenon may be used to fill pinholes in 
previously deposited coatings. 

LCVD by photolysis is generally slower than pyrolysis. For LCVD by 
photolysis the laser beam can be parallel to the substrate instead of normal 
to the substrate [94]. Excellent reviews of photolysis are available in [95, 89]. 

5.3.2 Process variables 

The important independent process variables are (1) incident laser beam 
power, (2) beam diameter, (3) traverse speed or dwell time, (4) surface 
reflectivity, (5) gas pressure of the reactants in the reaction chamber, (6) 
chamber temperature and (7) substrate thermal properties. The corresponding 
dependent variables are (1) deposition rate, (2) composition and microstrucure 
and (3) deposit geometry, i.e. thickness and diameter. 

Effects of the film and substrate 

Allen [96] investigated the spot size diameter and the film thickness attainable 
as a function of the irradiation time for three cases of LCVD: 

1. A reflecting film on an absorbing substrate, Ni-Si02 

2. An absorbing film on an absorbing substrate, Ti02 and TiC-Si02 

3. An absorbing film on a reflecting substrate TiC-stainless steel. 

These reactions were conducted using a 20 W laser run at 10 W nominal power. 
For the deposition of Ni on Si02, it appears that the film thickness is 

proportional to the square root of the irradiation time (Fig. 5.10). Additionally, 
for the range of spot sizes and irradiation times used, the surface temperature 
was found to be proportional to Iot 1/2 where lois the intensity of the beam 
and t is the irradiation time. 
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Figure 5.10 Thickness of LCVD Ni film as a function of irradiation time. For the 
5.0 W data, the upper curve is the maximum thickness and the lower curve is the 
thickness at the center of the spot. Similar branching is observed in the 3.0 Wand 
2.0 W data but is not shown for reasons of clarity [96]. 

Figure 5.11 gives a plot of spot size diameter as a function of surface 
temperature. The diameter of the spot size increases rapidly above the 
threshold temperature, the temperature at which the reaction begins, but the 
rate levels off for longer irradiation times and higher laser powers. Also, the 
widths of the deposited films are less than the width of the depositing laser 
beam. It has been reported that the film diameters can be as small as 1/10 
the diameter of the depositing beam diameter [97]. 

For increasing irradiation times, the deposition profile changes from a 
Gaussian distribution to a double-humped volcano. This point corresponds 
to the levelling off of the rate of spot diameter growth. In the future, this 
will be referred to as the onset of linear dependence. Several explanations 
have been given for this phenomenon: (1) convection is beginning to playa 
role in the deposition rate, favoring the edge of the spot, and (2) the center 
of the spot becomes too hot, and the sticking coefficient decreases for the 
reactants, favoring deposition at regions outside the center of the spot. 
Additionally, it has been theorized that depletion of the reactants is beginning 
to occur [97]. 

The thickness of the films as a function of irradiation time shows a linear 
relation in time t; however, the deposition rate decreases at all incident powers 
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Figure 5.11 Spot diameter (full width) of Ni films deposited on quartz (T ex It l /2 ). 

Laser beam diameter, DI/e2 = O.6mm [96]. 

with the onset of linear dependence. For multiple irradiations, it has been 
observed that the film thickness generated by n irradiations is less than n 
times the thickness of a single irradiation. This phenomenon, called optical self
limiting, occurs in many metal films and is produced because the reflecting 
film has an absorptivity less than the absorptivity of the substrate. As more 
film is deposited. the amount of energy absorbed by the surface decreases. 
This also lowers the surface temperature of the substrate and eventually leads 
to a decrease in the deposition rate. In certain cases, the deposition rate 
approaches zero [97]. 

For the deposition of Ti02 on Si02 , the range of conditions over which 
deposition can occur is much lower than for the deposition of Ni on Si02 

because the higher reaction temperature (1200 0c) is close to the Ti02 melting 
temperature. Film thicknesses ofTi02 on Si02 are in general linear functions 
of the irradiation time. Ti02 has a greater absorptivity than Si02, so it turns 
out that n irradiations produce a film thickness greater than n times the 
thickness of a single irradiation. Deposition rates ranged from 2 to 20 J.lm/min. 
The deposits obtained during this process showed no double humps and 
could be tailored by the radiation conditions. For irradiation conditions 
above the threshold temperature a sharply peaked profile was obtained. 
Multiple irradiations slightly above the threshold temperature produced a 
flat-topped profile, and for irradiation conditions between the two, broadly 
peaked films were obtained (Fig. 5.12). 

Finally, for the deposit of TiC on both stainless steel and quartz, it was 
observed that the incident intensity necessary to produce deposition on steel 
was two orders of magnitude greater than for deposition on quartz. This 
occurs because the thermal conductivity of stainless steel is much higher than 
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0.2 

Figure5.12 Thickness profiles ofLCVDTi02 films using Po = lOW and DI/e2 = 3.0mm: 
A is for a single irradiation of 0.5 s; B is for 10 irradiations of 0.25 s each; and C is 
for 20 irradiations of 0.12 s each [96]. 

the thermal conductivity of quartz. Multiple irradiations could be used to 
build up the coating thickness on both quartz and stainless steel; but for 
several cases, multiple irradiations at a single site produced melting, indicating 
that a greater coupling between the laser and the substrate is occurring once 
the TiC has been deposited. 

Kinetics of LCVD 

The deposition kinetics of LCVD were initially studied by Steen [98]. He 
concluded the following: 

1. The deposition is directly dependent on the Reynolds number of the 
reactant gas flow. 

2. The concentration of the reactants plays a large role. 
3. The process is controlled by the reaction rate at low temperatures and 

by mass transfer at high temperatures. The reaction rate at low temperatures 
is found to be first-order Arrhenius. 

Chen and Mazumder applied on-line laser induced fluorescence (UF) 
spectroscopy and multiwavelength pyrometry to study the kinetics of LCVD 
for TiN on Ti-6 AI-4 V substrate with a CW CO2 laser and a precursor 
gas mixture of TiCI4, H2 and N 2 [99-102]. 

It is found that the film growth rate, RTiN, and the rate of Ti concentration 
increase, dC/dt, increase linearly with PTiC14' when PTiC14 < 27 torr (3.6 kPa). 
Further increase in PTiC14 will result in a decrease in RTiN and dC/dt. Similar 
observations for RTiN have been reported for conventional CVD of TiN 
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[103-107]. The increase of deposition as PTiC!, increases is easy to understand, 
because TiCl4 is the source of Ti. The decrease of deposition at higher PTiC!, 
is believed to be a result of competitive adsorption between reactant molecules 
TiCI4 , N2 and H2. After the initial growth, further film deposition will be 
onto the TiN-covered substrate. You, Nakanishi and Kato [108] showed 
that the N2 and H2 adsorption equilibrium constant is about 104 times 
smaller than that of TiCI4 • Hence, surface coverages using N 2 and H2 are 
much smaller than using TiCl4 at similar partial pressures. When PTiC!, is 
raised above a certain value, TiCl4 takes up so many of the available surface 
sites that there may not be enough surface-adsorbed Nand H to carry out 
the reactions, leading to a decrease in RTiN. 

To study the dependencies of RTiN and dCjdt on the N2 and H2 partial 
pressures, PN2 and PH2 , experiments are performed in which PN2 (or PH2 ) is 
fixed while changing PH2 (or PN2 ) and adding inert Ar gas to maintain the 
total pressure PTotal. All other parameters are kept constant: the TiCl4 partial 
pressure P TiC!, = 27 torr (3.6 kPa), the total pressure P Total = 600 torr (80 kPa) 
and the CO2 laser power of 400 W. The results are shown in Figs 5.13 and 
5.14. TiN films of a few microns thickness can be deposited in less than 10 s. 
Evidently, the growth rate of LCVD is much greater than the typical rate 
of 1 nm/s for conventional CVD processes. All films are characterized by 
Auger electron spectroscopy (AES) as TiNx (x = 0.8 ± 0.1), with CI 
contamination as low as 0.5 at% and 0 and CI at%. 

The behaviors of the Ti concentration and the film thickness are identical, 
indicating that the mechanism for producing the Ti species above the substrate 
may be the same as for film growth. Since LCVD of TiN is a surface reaction 
and TiN dissociates to its elements upon vaporization [109], the Ti atomic 
species in the gas phase above the substrate is believed to be a result of the 

600 20 

~ 500 (J) 

E <715 
-=- 400 E 

u 

~ 300 ~ 10 

.c: 200 ~ -~ "0 5 e 100 () 
(!) "0 

0 20 40 60 80 100 0 20 40 60 80 100 
(a) N2 (%) (b) N2 (%) 

Figure 5.13 (a) Growth rates based on thickness measurements, and (b) rates of Ti 
concentration increase based on LIF measurements for different PN2 when PH2 is 
fixed at 25% Of(PN2 + PH2 + PAr)· PN2 is varied as a percentage of (PN2 + PH2 + PAr)· 
PTiCI4 = 27 torr (3.6kPa), PTot• l = 600 torr (80kPa) and laser power = 400W. 
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Figure 5.14 (a) Growth rates based on thickness measurements, and (b) rates of Ti 
concentration increase based on LIF measurements for different PN2 when PH2 is 
fixed at 25% of (PN2 + PH, + PAr)' PN, is varied as a percentage of (PN2 + PH2 + PAr)' 
PTiCl4 = 27 torr (3,6 kPa), PTotal = 600 torr (80 kPa) and laser power = 400 W. 

TiN desorption from the deposited film. The concept of TiN desorption is 
also supported by the model [110] that incorporates TiN desorption to make 
excellent predictions on the film thickness profiles. The Ti concentrations 
detected by LIF are on the order of 1012 cm - 3, An equilibrium computation 
[111] of the Ti - H - N -Cl system at comparable experimental conditions 
shows that the Ti concentration produced by the gas phase reaction is six 
orders of magnitude smaller than that detected by LIF in our experiment. 
Hence, we ignore the gas phase production of Ti, 

From Figs 5.13 and 5.14, RTiN and dCjdt are found to be proportional to 
the square roots of PN, and PH" respectively. The square root dependencies on 
PN, and PH, are also observed by other researchers in conventional CVD 
processes [111-114]. As to the detailed reaction pathways, there have been 
no studies before this research on the laser initiated CVD process. However, 
there have been different suggestions in the literature on conventional hot 
wall CVD [111-113, 103, 104], each explaining its own experimental 
observations. After careful examination, it is found that the possible surface 
reaction pathways listed by Nakanishi et ai, [111] are the most suitable in 
interpreting our experimental results. Since the surface coverages of Nand 
H atoms (when dissociatively adsorbed) are proportional to the square roots 
of P N, and PH, at low surface coverages, the results in Figs 5,13 and 5.14 
indicate that the rate-limiting steps in the reaction process are the dissociative 
adsorptions of N2 and H2 molecules on the substrate surface. 

The effect of changing CO2 laser power on the LCVD process is also 
studied. The laser power is set at 250, 400 and 550 W. All other conditions 
are constant: PTiCl4 = 27 torr (3.6kPa), PN,:PH, = 3:1 and PTotal = 600 torr 
(80 kPa). Because the reactant gas composition remains unchanged for this 
set of experiments, and the only effect of the changing laser power is on the 
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substrate surface temperature, the reaction kinetics can be studied using these 
results. RTi:-l and dCjdt are plotted with respect to the substrate temperature 
in Fig. 5.15. The horizontal axis is chosen to be liT peak' where Tpeak is the 
peak substrate temperature by simultaneous multiwavelength pyrometry for 
the different laser powers. Here Tpeak is chosen because it is found to represent 
the substrate temperature at which the majority of the film growth occurs. 
With the previously determined reactant partial pressure dependencies, it 
follows from the Arrhenius equation that 

RTiN = KIPTiCI4P~22Pi/22exp( - RET) (5.1) 

and 

(5.2) 

where Kl and K2 are the Arrhenius constants, E is the apparent activation 
energy, and R the molar gas constant. From the slopes of the straight lines 
in Fig. 5.15, the apparent activation energy is calculated to be 104.3 kllmol 
from the film thickness data, and 125.7 kllmol from the LIF data, under the 
following conditions: PTiCl4 = 27torr(3.6kPa)'PN2 :PH2 = 3:1,PTotal = 600 torr 
(80 kPa) and T = 1330-1520 K. The similarity between the two values seems 
to confirm that the Ti species probed by the LIF technique are the direct 
result of the film growth on the surface. There are large discrepancies in the 
reported activation energy values for conventional hot wall CVD. Under 
different experimental conditions, they range from 39.3 kllmol to 308.9 kllmol 
[103-107, 111-114]. The values depend greatly on the ranges of substrate 
temperature at which the experiments are performed. At temperatures close 
to ours, Cao et al. [112] and Kato [103] reported a value of 120.4 ± 24.2 kllmol, 
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Figure 5.15 (a) Growth rates based on thickness measurements, and (b) rates of Ti 
concentration increase based on LIF measurements for different peak substrate 
temperatures. PN,:PH, = 3:1, PTiCl4 = 27 torr (3.6kPa) and PTot,1 = 600 torr (80kPa). 
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which is in good agreement with our value. In another set of experiments, 
the partial pressure of TiCl4 is kept constant at 27 torr (3.6 kPa). The gas 
ratio Nz:H z is also kept constant at 3:1. The only parameter that is changed 
is the amount of N2 and Hz mixture, leading to a total chamber pressure of 
100, 350 and 600 torr, respectively (13, 47 and 80 kPa). COz laser power is 
400 W with a TEMoo beam diameter of 2 mm. The results are plotted in Fig. 
5.16. Since the partial pressure of TiCl4 is the same, the main reason for the 
higher deposition rate at a lower total pressure must be the reduced thermal 
convective loss to the ambient gas that results in a faster heating rate for the 
substrate. This is confirmed by the simultaneous multi wavelength surface 
temperature measurement (Fig. 5.17). The observation and analysis in this 
set of experiments provide additional evidence that the LCVD of TiN under 
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Figure 5.16 (a) Growth rates based on thickness measurements, and (b) rates of Ti 
concentration increase based on LIF measurements for different total pressures. TiCl4 

pressure = 27 torr (3.6kPa), N2:H2 = 3:1, laser power = 400W and TEMoo beam 
diameter = 2 mm [102]. 
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Figure 5.17 Peak temperatures on substrate surfaces measured by multiwavelength 
pyrometry for differenttotal pressures. TiCl4 pressure = 27 torr (3.6 kPa), N 2: H2 = 3:1, 
laser power = 400W and TEMoo beam diameter = 2mm [102]. 
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investigation is definitely driven by the laser heating of the substrate surface. 
In other words, it is indeed a pyrolytic LCVD process. 

5.3.3 Applications 

The deposition of material by thermal decomposition using a laser heat 
source was first reported for graphite from hydrocarbon vapor [115] at the 
Third International Conference on Chemical Vapor Deposition. At the same 
conference the following year, D.M. Mattox [116, 117] reported the LCVD 
ofW by H2 reduction on WF 6 using a multimode CW laser translated across 
an Si02 substrate. Film thickness and resistivity were measured as a function 
of the incident energy density. More recently, the LCVD of polycrystalline 
Si on Si02 was reported by Christensen and Larkin [118]. Using a CO2 
laser tuned to a minimum in the SiH4 absorption spectrum corresponding 
to 10.33 ~m, they deposited films up to 5 ~m thick with a full width at half 
height (FWHH) of 400 ~m. Si lines of unknown thickness and approximately 
50 ~m width were 'drawn' by translating the substrate during irradiation. 
Unlike conventional CVD of Si, where the addition of H2 is necessary to 
prevent unwanted gas phase precipitation of Si particles, good quality LCVD 
films were producd without H 2. Titanium nitride was produced by using the 
reaction described in the earlier section on kinetics [99-102]. The typical 
microstructure of LCVD titanium is shown in Fig. 5.18; note how it is fine 
and crystalline. 
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6.1 INTRODUCTION 

Sol-gel processing begins with a colloidal dispersion, or sol, of particles or 
polymers in a liquid. Through subsequent chemical cross-linking, electrostatic 
destabilization, evaporation or some combination thereof, the fluid sol may 
be transformed into a rigid gel, which is a substance containing a continuous 
solid skeleton enclosing a continuous liquid phase. This sol-to-gel transition 
allows the solid phase to be shaped into films, fibers, micro spheres or 
monoliths. Of these various forms, amorphous (or partially crystalline) thin 
films represent the earliest commercial application of sol-gel technology [1]. 
Thin films (normally less than 1 J.1m in thickness) use little in the way of raw 
materials and may be processed without cracking, overcoming the major 
disadvantage of sol-gel processing of bulk materials. Early applications of 
sol-gel coatings as optical films were reviewed by Schroeder [2]. Since then, 
many new uses of sol-gel films have appeared in electronic, protective, 
membrane and sensor applications [3-15]. Most often the as-deposited films 
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are amorphous, but depending on composition and thermal history, they 
may subsequently crystallize: ferroelectric PLZT (lead lanthanum zirconate 
titanate) and nonlinear optic LiNb03 are excellent examples of crystalline 
films derived from amorphous precursors [16-18]. 

Moisture and diffusion barriers, fracture resistance, scratch and wear 
resistance, thermal and electrical insulation and corrosion resistance are the 
most common functions of sol-gel ceramic coatings intended for protection. 
Optically clear silica-based sol-gels are routinely applied to transparent 
plastics to provide wear and scratch resistance [19J; for these and other 
optical applications the film microstrucure is tailored to provide a specific 
refractive index. Thermal insulation is best accomplished with highly porous 
films that possess a low thermal conductivity (e.g. aerogel films [20J, 
closed-pore films [21J). One of the most popular applications in this area is 
in the protection of heat engine parts for which films have been traditionally 
deposited with plasma spray techniques [22J; however, there has been rising 
interest in using sol-gel processing as an alternative, less expensive method 
[23]. Metals are often coated with sol-gel films to protect surfaces from 
action by acids and oxidation. Corrosion resistance protection of steels with 
dense zirconium films [24J and of aluminium with silica films [25J are two 
recent examples that have been addressed in the literature. These coatings 
must be impermeable to corrosive substances and inert. Finally, fracture 
protection of ceramic substrates can be accomplished with sol-gel films. The 
function of the film is usually to fill surface flaws that can otherwise lead to 
fracture initiation [26-28]. Clearly, from these and other related protective 
functions, the properties of low thermal conductivity, chemical inertness, 
high-temperature stability, adjustable porosity and mechanical 'hardness' of 
sol-gel derived films make them amenable to many protective applications. 

In sol-gel processing, film formation is accomplished through liquid film 
deposition methods, whereby a continuous liquid phase is forced to displace 
air at the substrate through a wetting process. The most commonly used 
techniques in this class of methods are dip-coating and spin-coating, which 
are covered in this chapter. Compared to more conventional routes of thin 
film formation, processes such as chemical vapor deposition, evaporation/con
densation and sputtering, which are reviewed in other chapters of this book, 
sol-gel techniques require considerably less equipment, can be amenable to 
large and complex shapes, are applicable to substrates that cannot withstand 
high temperature and are potentially less expensive. 

Most coatings are prepared by dip- or spin-coating. Dip-coating begins 
with immersing a substrate in a vessel filled with liquid. Withdrawal of the 
substrate from the liquid, if managed properly, results in a thin coherent film. 
Although it can be operated as a continuous process [29J, dip-coating is 
essentially a batch process. Also, dip-coating is self-metered: the faster the 
substrate is withdrawn the thicker the entrained film. Thus, if dip-coating is 
the method of choice for a particular application then coating speed (e.g. for 
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high throughput) may be a limiting factor to achieve thin films. Spin-coating 
can also be used to achieve remarkably thin and uniform films (20 nm with 
thickness variations less than 10%), but is only practical when the substrate 
is a 'small' disk, plate or bowl (less than about 100 cm2). The main advantage 
gained by a sol-gel processing through spin, dip and related coating 
techniques is the ability to control both the composition and microstructure, 
including density, refractive index, pore size and surface area, usually on 
molecular length scales [30]. 

A protective coating must have desirable microstructure and acceptable 
uniformity to function (protect) as intended. This chapter reviews sol-g~l 
thin film formation with the intent of establishing a link between the physics 
and chemistry of sol-gel film deposition and the resulting microstructure of 
the deposited films. We first review the aspects of sol-gel chemistry that 
govern the size and structure of the inorganic species which, along with any 
solvents, comprise the coating sol. In the following section we discuss the 
salient features of dip- and spin-coating processes, as revealed in many cases 
by in situ means of process characterization. In that section we provide further 
insight to the physics ofthe dip-coating and drying processes through modern 
computer-aided simulation. The next section addresses the drying portion 
of the coating process, which begins simultaneously with the fluid mechanics 
of the deposition, proceeds through a constant rate period in which liquid 
is removed from the gelled and shrinking film, and ends with a falling rate 
period during which the liquid recedes into the pore space. Finally, with a 
firm understanding of the physical rate processes involved during all stages 
of the sol-gel process, we take up the issue of microstructural control. We 
address the deposition of inorganic sols with regard to timescales and the 
effects of sol structure, capillary pressure, reaction kinetics and shear forces 
on such properties as refractive index, surface area and pore size of the 
deposited films. These properties determine a film's effectiveness as a 
protective layer for the intended application. An example of a sol-gel 
protective layer for space applications is then discussed in detail. 

6.2 SOL-GEL CHEMISTRY 

The sol-gel process utilizes inorganic or metal-organic precursors [31] to 
form metal salt, colloidal or polymerizable sols. In aqueous or organic 
solvents, the precursors are hydrolyzed and condensed to form inorganic 
polymers composed of M-O-M bonds. Although solution viscosity, solids 
content and substrate wetting are all considerations in sol preparation for 
thin film formation, the major requirement of the sol is that it remain stable 
with respect to precipitation or gelation, allowing uniform deposition by 
dipping, spinning, etc. 
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For inorganic precursors (salts) prepared in aqueous media, hydrolysis 
proceeds by the removal of a proton from an aquo ion [MONH2NY+ to 
form a hydroxo (M-OH) or oxo (M=O) ligand: 

[MONH2NY+ + pH20~ [MO NH 2N _ P]<z-P)+ + pH 30+ (6.1) 

Condensation reactions involving hydroxo ligands result in the formation 
of bridging hydroxyl (M--{jl-OH}--M) or bridging oxygen (M-O-M) bonds 
depending on the coordination number of M and the acidity of the bridging 
hydroxyl ligand. Normally, monomeric aquo cations are the only stable 
species at low pH, and various monomeric or oligomeric anions are the only 
species observed at high pH [32]. At intermediate pH, well-defined polynuclear 
ions are often the stable solution species, such as [Zr4(OH)s(OH2)16Js + or 
[AI04AldOH}z4(OH2)12J7+, but the metal solubility is normally limited 
there, usually leading to the precipitation of oxohydroxides, Al(O)OH or 
Fe(O)OH, or oxides, Zr02 or Ti02 [32]. If dispersed or peptized by the 
addition of acid, or sterically stabilized by adsorption of organic molecules, 
these particulate sols are well suited for film deposition by dipping or spinning. 

The most commonly used metal-organic precursors for sol-gel film 
formation are metal alkoxides M(OR)z, where R is an alkyl group CnH2n + 1 
[19]. Normally, the alkoxide is dissolved in alcohol and hydrolyzed by the 
addition of water under acidic, neutral, or basic conditions, although film 
formation is also possible by deposition of the neat alkoxides followed by 
exposure to moisture. 

When alkoxide precursors are employed for sol preparation, hydrolysis 
and condensation reactions leading to M-O-M bond formation dictate the 
structure of the polymeric species formed in the solution. In the hydrolysis 
reaction, an alkoxide ligand is replaced with a hydroxyl ligand: 

(6.2) 

Condensation reactions involving the hydroxyl ligands produce polymers 
composed of M-O-M or M--{jl-OH}--M bonds, and in most cases, the 
by-products water or alcohol, as shown below for silicate condensation: 

Si(ORhOH + Si(OR)4~ROhSi-O-Si(ORh + ROH (6.3) 

2 Si(ORhOH+----+(ROhSi-O-Si(ORh + H20 (6.4) 

The reverse of reactions 6.3 and 6.4, namely siloxane bond alcoholysis and 
siloxane bond hydrolysis, promote bond breaking and reformation processes 
that, if extensive, permit complete restructuring of the growing polymer. 

Since metals of interest for sol-gel film formation (Si, AI, Ti, etc.) have 
coordination numbers CN greater than 4, complete condensation would lead 
to compact, particulate oxides. In fact, for electropositive metals like Ti and 
Zr, it is difficult to avoid particle formation due to the rapid hydrolysis and 
condensation rates of their alkoxides. To circumvent this difficulty, the metal 
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alkoxide precursors are modified, by chelation with multidentate ligands such 
as acetylacetone (acac) [32] or alcohol amines [33]. Because these ligands 
are less sensitive to hydrolysis than alkoxide ligands and add steric bulk 
around the metal center, they reduce both the effective functionality [32] 
and the rates of hydrolysis and condensation [32,33] ofthe precursor species. 
This allows for more controllable hydrolysis and condensation, and the 
formation of nonparticulate solution species. 

Because silicon is substantially less electropositive than Ti or Zr, hydrolysis 
and condensation of silicon alkoxides occur at much lower rates, and the 
condensation pathway leading to polymer formation can be more easily 
influenced by steric and chemical factors such as the steric bulk of the alkoxide 
ligand, the concentration of the acid or base catalyst, the hydrolysis ratio r 

of H20:M in equation 6.2, or sol aging time. However, even for silicon 
alkoxides, modification of alkoxide properties has proved beneficial in thin 
film preparation. For example, alkyl substituents have been incorporated as 
'templating' ligands in organoalkoxysilane precursors, RnSi(OR')4_n, permitting 
the preparation of films with controlled pore sizes and pore size distributions. 
Such modifications may also be used to control the hydrolysis and condensation 
kinetics of the silicon sol species [34]. 

The hydrolysis and condensation kinetics of silicate species have been 
studied by 29Si NMR, and the structure of the silicate sol species has been 
probed with 29Si NMR, as well as small-angle X-ray scattering (SAXS). There 
is a considerable body of evidence based on these techniques that indicates, 
under many synthesis conditions, condensation of silicon alkoxides results 
in the formation of randomly branched 'polymeric' silicates rather than dense 
silica particles. Using 29Si NMR, silicate polymers are characterized by the 
distribution of Si(OR)x(OHMOSi)n species, or the 'Qn' distribution, where 
n = 4 - x - y. The prevalence of Ql_Q3 species under many sol-gel 
synthesis conditions [35-37] clearly indicates that silicates may be quite 
weakly condensed when compared, for example, to a commercial particulate 
silica sol [38] (Fig. 6.la, [39]). 

SAXS probes structure on the '" 0.5-50 nm length scale. The Porod slope 
P of a plot of log scattered intensity versus log scattering wave vector, 
K = (4nl A) (sin ()12), is related to the mass fractal dimension D and the surface 
fractal dimension Ds by the following expression [40]: 

P = Ds - 2D (6.5) 

For uniform (nonfractal) objects in three-dimensional space, D = 3, Ds = 2, 
and P reduces to -4. For mass fractal objects, D = Ds, and P = -D. For 
surface fractal objects, D = 3 and P = Ds - 6. Porod plots of a variety of 
silica sols prepared from metal alkoxides are compared with the plot of 
Ludox, a commercial particulate silica sol, in Fig. 6.lb [41]. By simple 
variation of the hydrolysis ratio r and catalyst addition it is possible to 
prepare a spectrum of structures ranging from polymers to particles. It is 
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generally believed [42] that the prevalence of fractal silicates over a wide 
range of processing conditions is a consequence of kinetically limited growth 
mechanisms such as reaction-limited cluster-cluster aggregation (RLCA) 
[43]. In section 6.7 we show that the fractal properties of sol species may be 
exploited to tailor the porous microstructure of the deposited films. Structural 
studies of nonsilicon-based sols are far less numerous. However, Livage and 
coworkers [32] have shown that by varying the hydrolysis ratio r and the 
chelation ratio x, e.g. acac/M, it is possible to arrive at a variety of structures 
ranging from crystalline precipitates (large r, small x) to oxoalkoxide clusters 
(small r, large x). Schwartz and coworkers have investigated the effects of 
such precursor variations on thin film processing behavior, such as oligomer 
aggregation phenomena during film formation, film densification tendencies 
and film crystallization behavior [44, 45]. 

Several strategies exist for the preparation of multicomponent precursors: 
sequential hydrolysis of single component alkoxides, synthesis of mixed metal 
alkoxides and synthesis of mixed metal oxoalkoxides. Studies to date have 
focused on control of stoichiometry and homogeneity of the resultant films. 
Little information exists concerning the structure of hydrolyzed sol species 
and the structural variations possible. 

6.3 DEPOSITION BY DIP-COATING 

In dip-coating, a substrate is usually withdrawn vertically from the coating 
bath at constant speed U 0 (Fig. 6.2) [46]. The moving substrate entrains the 
liquid in a fluid mechanical boundary layer that divides in two layers above 
the liquid bath surface, returning the outer layer to the bath (see stagnation 
point S in Fig. 6.2) [47]. Since the solvent is evaporating and draining, the 
liquid film has an approximately wedge-like shape that terminates in a 
well-defined drying line (x = 0, in Fig. 6.2a). When the upward-moving flux 
becomes balanced by that due to evaporation and draining, the process 
remains spatially steady with respect to the liquid bath surface. In other 
words, both the shape and position of the depositing film profile remain 
steady. This situation allows us to use in situ optical techniques for 
characterization, as discussed below. 

The hydrodynamic factors in dip-coating (pure liquids, ignoring evaporation) 
were first calculated correctly by Landau and Levich [48] and recently 
generalized by Wilson [49]. In an excellent review of this topic, Scriven [47] 
states that the thickness of the deposited film is related to the position of 
the streamline dividing the upward- and downward-moving layers. A 
competition between as many as six forces in the film deposition region 
governs the film thickness and position of the streamline [47]: (1) viscous 
drag upward on the liquid by the moving substrate; (2) force of gravity; (3) 
resultant force of surface tension in the concavely shaped meniscus; (4) inertial 
force of the boundary layer liquid arriving at the deposition region; (5) surface 
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tension gradient; and (6) the disjoining (or conjoining) pressure (important 
for films less than 1 ~m thick). 

When the liquid viscosity 1] and substrate speed are high enough to lower 
the curvature of the gravitational meniscus, the deposited film thickness h is 
that which balances the viscous drag, proportional to 17V 0' and gravity force pgh: 

(6.6) 

where the constant C1 is about 0.8 for Newtonian liquids. When the substrate 
speed and viscosity are low (often the case for sol-gel film deposition), this 
balance is modulated by the ratio of viscous drag to liquid-vapor surface 
tension (YL v) according to the relationship derived by Landau and Levich [48]: 

h = 0.94(17Vo)2/3/YL//6(pg)1/2 (6.7) 

Figure 6.3 plots the excess optical thickness h(n - 1) versus V 0 for films 
prepared from a variety of silicate sols in which the precursor structures 
ranged from rather weakly branched polymers characterized by a mass fractal 
dimension to highly condensed particles [50]. The slopes are in the range 
0.61-0.67, in keeping with equation 6.7. This reasonable correspondence 
between the thicknesses of the deposited films and a theory developed for 

1000 

Slope 
• Strongly branched (0.61) 

o Weakly branched (0.62) 

o Particulate 95nm (0.67) 

• Particulate 72nm (0.66) 

100~------~--~~~--~~~~~--------~--~--~~ 

25 250 
Uo (mm/min) 

Figure 6.3 Excess optical thickness h(n - 1) versus dipping speed U o. Formulations 
were a variety of silicate sols that ranged from rather weakly branched fractal polymers 
to highly condensed particles [50]. The slopes are consistent with the Landau-Levich 
[48] theory. 
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gravitational draining of pure fluids suggests that the entrainment of the 
inorganic species has little effect on the hydrodynamics of dip-coating, at 
least in the early stages of deposition where the entrained sol is quite dilute. 
Thus some insight into sol-gel film deposition is gained by closer examination 
of the details of gravitational draining (and evaporation) of pure and binary 
fluid mixtures often used in sol-gel film deposition. 

6.3.1 Film thickness profiles during dip-coating - pure solvents 

Previous theories of gravitational draining of pure fluids have not taken into 
account simultaneous evaporation. Although the thickness of the liquid 
entrained at the bath surface is not sensitive to evaporation, the film is 
progressively thinned by evaporation as it is transported by the substrate 
away from the coating bath. For depositing sols, thinning by evaporation 
causes a corresponding increase in sol concentration, hence an understanding 
of simultaneous draining and evaporation is essential to the underlying 
physics of sol-gel film deposition. 

In order to address this problem, Hurd and Brinker [51] developed an 
imaging ellipsometer that allows acquisition of spatially resolved thickness 
and refractive index data over the entire area of the depositing film (illustrated 
schematically in Fig. 6.4). A thickness profile of an ethanol film obtained by 
imaging ellipsometry is shown in Fig. 6.5 [52]. Instead of the wedge expected 
for a constant evaporation rate, the film profile is distinctly blunt near the 
drying line (x = 0 in Fig. 6.2 and 6.5a), which indicates more rapid thinning 
and hence a greater evaporation rate there. 

Hydraulic drive F 

Figure 6.4 Schematic illustration of the imaging ellipsometer developed by Hurd and 
Brinker [51]. 



122 Sol-gel derived ceramic films 

2.0 

1.5 
0 

E 
2: 
..c: E (fJ 
(fJ 1.0 .S-al 
c: >< .l<: h (x) _ XO.62 u 
:c 
t-

0.5 

(a) 

Figure 6.5 (a) Thickness profile of ethanol film from imaging ellipsometry. The 
parabolic approach to the drying line (x = 0) is a consequence of accelerated 
evaporation, a response by the liquid to cope with a sharp solvent vapor gradient at 
the terminus of the liquid film. (b) The thickness profile of mixtures often reflects the 
relative volatilities of the components. The surface tension of the component that 
survives to the drying line dominates solvent quality and the subsequent capillary 
collapse. Since the components diffuse freely to the surface, each produces a parabolic 
step in the profile. 

This posItion-sensItive evaporation rate is a consequence of the film 
geometry: the blade-like shape of the depositing film in the vicinity of the 
drying line enhances the rate of diffusion of vapor away from the film surface 
[52] (at large x, the vapor concentration gradients are normal to the surface, 
whereas near the drying line x = 0, additional gradients are established 
parallel to the surface). Near any sharp boundaries, the evaporation rate E(x) 
diverges, but the vaporized mass must remain integrable. For the knife-blade 
geometry (infinite sheet), E varies with x as follows [52]: 

(6.8) 

where Dv is the diffusion coefficient of the vapor C" 0.1 cm2 js) and a1 is a 
constant. Since the change in thickness dh is attributable to the local 
evaporation rate times the area, E(x)dx, the divergence in the evaporation 
rate as x --+ 0 accounts for the blunt profile shown in Fig. 6.5a, where the 
data were fit to the form: 

h(x) ~ f E(x)dx ~ XV (6.9) 

giving v = 0.50 ± 0.01, as expected from Eq. 6.8. 
The singularity strength (exponent) in equation 6.9 is sensItive to the 

geometry of the film. For coating a fiber, we would expect a logarithmic 
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singularity [53]. As a coated cylinder decreases in radius, the profile should 
pass smoothly from Xi/2 toward Inx. Although some experimental evidence 
exists for this behavior by extrapolating to small cylinder diameters [53] it 
is a difficult proposition to prove experimentally. Surface tension makes it 
difficult to coat a fiber fast enough for the drying line to be well separated 
from the gravitational meniscus at the reservoir surface. 

6.3.2 Film fluid profiles during dip-coating - binary solvents 

Due to the alkoxide chemistry normally used in sol-gel synthesis, the most 
common coating sols are composed of two or more miscible liquids, e.g. 
ethanol-water. Differences in the evaporation rates and surface tensions of 
the liquid components of the sol alter the composition of the fluid and the 
shape of the fluid profile in the vicinity of the drying line and they create 
convective flows within the depositing films. In some cases rib-like instabilities 
are also observed in a region near the liquid bath surface [53]. Preferential 
evaporation is important in that it alters both the chemistry and physics of 
film deposition. For example, preferential evaporation of ethanol from an 
ethanol-water mixture enriches the fluid composition in water. Not only 
can this affect the associated chemistry, according to equations 6.2 to 6.4, 
but it can greatly alter the surface tension of the pore fluid that dictates the 
magnitude of the capillary tension exerted on the gel during drying and the 
extent of flows driven by surface tension gradients. Preferential evaporation 
and its effect on composition and shape of the fluid profile has been studied 
[54] in situ using imaging ellipsometry and fluorescence imaging techniques. 
Ellipsometric images of alcohol-water films acquired during dip-coating [54] 
shows two roughly parabolic features (Fig. 6.5b) that correspond to successive 
drying of the alcohol- and water-rich regions, according to the nonconstant 
evaporation model (equation 6.9). This suggests that each component has an 
independent evaporation singularity. If the water-rich phase is denoted as 
phase 1 and the ethanol-rich phase as phase 2, then the independent profiles 
are additive [54]: 

x>o (6.10) 

x > x2 (6.11 ) 

x < X 2 (6.12) 

where h = hi + h2 is the total thickness and x2 is the position of the 'false' 
drying line created by the substantial depletion of ethanol. 

The 'foot' feature in Fig. 6.5b typical of binary solvents is not due to 
differential volatility alone. Since each component has a different surface 
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tension 1', surface tension gradients are established [53]: 

=0 
(6.13) 

The surface tension is assumed to follow a simple mixing law, I' = ¢lY1 + ¢2Y2 
where ¢i is the volume fraction of component i. For ethanol-water mixtures 
the surface tension does not obey a simple linear mixing law. The surface 
tension can be approximated by 1/1'2.7 ~ (¢HIYH2 .7 ) + (¢EIY/· 7) where the 
subscripts Hand E refer to water and ethanol, respectively. Since at the 
liquid-vapor boundary, the viscous shear force must balance the force 
imposed by surface tension gradients, IJdu/dz = dy/dx (z = h), liquid flows 
into the water-rich foot with velocity u: 

u = l/lJ[dy/dx]z - Vo (6.14) 

the so-called Marangoni effect. The foot slowly grows until this flux is 
balanced by that of evaporation from the expanding free surface. 

The surface tension gradient driven flow of liquid through the thin neck 
created by the preferential evaporation of alcohol can produce quite 
high shear rates during dip-coating. A striking example is that of toluene 
and methanol [53]. The surface tension gradient driven flows are strong 
enough to greatly distort the double parabolic profile, creating a 'pileup' 
of toluene near the drying line. A crude estimate of the surface tension 
gradient, fl.y/fl.x ~ (lOdyne/cm)/O.l cm (100 IlN/O.1 cm), leads to a shear rate 
du/dz ~ 104 s- 1 in the thin region, from equation 6.14 and assuming 
IJ = 0.01 P. As we discuss in section 6.4.3, these shear fields may be sufficiently 
strong to align or order the entrained inorganic species. 

For binary fluid mixtures, fluorescence imaging has been used to determine 
in situ the variation in fluid composition with position x in the depositing 
film. In this technique, low concentrations of organic optical molecules (10- 3 

to 10- 4 M) are added to the sol. Spatially resolved fluorescence spectra are 
acquired during dip-coating from the entrained molecules, which serve as 
molecular sensors of the local coating environment. Using pyranine, Nishida 
and coworkers [54] determined the composition of binary alcohol-water 
mixtures as a function of distance from the drying line. Their results indicated 
that, for ethanol-water compositions richer in water than 12 vol%, the 
composition at the drying line is 100% water. Even for the composition 
corresponding to the boiling azeotrope (5 vol% H 20) there was substantial 
enrichment (87 vol% water at the drying line). Since water is a reagent in 
sol-gel chemistry and strongly influences the surface tension, these results 
indicate that preferential evaporation will impact the extent of condensation 
and the magnitude of the capillary pressure as well as induce surface tension 
gradient driven flows. The consequences of these phenomena on film 
formation are addressed in section 6.7. 
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Spin-coating differs from dip-coating in that the thin films are deposited by 
centrifugal draining and evaporation. Bornside et al. [55] divide spin coating 
into four stages: deposition, spin-up, spin-off and evaporation, although for 
sol-gel coating, evaporation normally overlaps the other stages. An excess 
of liquid is dispensed on the surface during the deposition stage. In the 
spin-up stage, the liquid flows radially outward, driven by centrifugal force. 
In the spin-off stage, excess liquid flows to the perimeter and leaves as droplets. 
As the film thins, the rate of removal of excess liquid by spin-off slows down, 
because the thinner the film, the greater resistance to flow, and because the 
concentration of the nonvolatile components increases, raising the viscosity. 
In the final stage, evaporation takes over as the primary mechanism of 
thinning. According to Scriven [47], an advantage of spin-coating is that a 
film of liquid tends to become uniform in thickness during spin-off and it 
tends to remain uniform provided that the viscosity is not shear-dependent 
and does not vary over the substrate. This tendency is due to the balance 
between the two main forces: centrifugal force, which drives flow radially 
outward, and viscous force (friction), which acts radially inward. The thickness 
of an initially uniform film during spin-off is described as follows: 

(6.15) 

where ho is the initial thickness, t is time, p is the density and w is the angular 
velocity. Even films that are not initially uniform tend monotonically toward 
uniformity, sooner or later following equation 6.15. By assuming that the 
spin-off and evaporation stages are sequential, Bornside showed that the 
final thickness he scales as 

(6.16) 

Equation 6.15 pertains to Newtonian liquids that do not exhibit a shear rate 
dependence of the viscosity during the spin-off stage. If the liquid is shear 
thinning (often the case for aggregating sols), the lower shear rate experienced 
near the center of the substrate causes the viscosity to be higher there and 
the film to be thicker. This problem might be avoided by metering the liquid 
from a radially moving arm during the deposition/spin-up stage. 

6.5 EFFECTS OF ENTRAINED CONDENSED PHASES 

The previous subsections have largely ignored the effects of the entrained 
inorganic species, namely polymers or particles. These species are initially 
concentrated by evaporation of solvent as they are transported from the 
coating bath toward the drying line during dipping or during the four stages 
of spin-coating. They are further concentrated (compacted) at the final stage 
of the deposition process by the capillary pressure created by liquid-vapor 
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menisci as they recede into the drying film (Fig. 6.2 inset). During dip-coating, 
the shape of the entrained fluid profile is altered very little by the presence 
of the condensed phase [52]. Thus by consideration of the conditions that 
establish the steady-state fluid profiles, we are able to quantify the changing 
environment of the inorganic species within the thinning film. 

Above the stagnation point S, all fluid elements are moving upward, so 
all the entrained inorganic species that survive past the stagnation point are 
incorporated in the final deposited film. Steady-state conditions in this region 
require conservation of nonvolatile mass, thus the solids mass in any 
horizontal slice of the thinning film must be constant [52]: 

h(x)4>s(x) = constant (6.17) 

where 4>s is the volume fraction solids. From equation 6.17 we see that 4>s 
varies inversely with h (Fig. 6.6a). Since for a planar substrate, we expect a 
parabolic thickness profile, 4>s should vary as Ijh ~ x -1/2 in the thinning 
film. When coating a fiber, we expect 4>(x) ~ (lnx)-I. 

The rapid concentration of the entrained inorganic species by evaporation 
is more evident from consideration of the mean particle (polymer) separation 
distance (r) which varies as the inverse cube root of 4>s, (r) ~ X 1/6• As shown 
in Fig. 6.6b [53], this is a precipitous function: half the distance between 
particle (polymer) neighbors is traveled in the last 2% of the deposition 
process (~O.1 s). This evaporation-driven transport may be viewed like that 
induced by centrifugation or electrophoresis: the centrifugal acceleration 
needed to cause an equivalent rate of crowding is as much as 106 g's! Since 

o -- O~---_ 

<I> (x) - x-1/2 <r>_x 1/6 

Reaction-limited 

(a) <I> (x) (b) Mean separation < r> 

Figure 6.6 Effects of entrained condensed phases: (a) profile-concentration relationship 
and (b) evaporation-induced crowding. 



Effects of entrained condensed phases 127 

rheological properties of suspensions are often concentration dependent [56], 
the increasing concentration of the inorganic species is expected to alter the 
rheology from Newtonian (dilute conditions) to shear thinning (aggregated 
systems) or thixotropic (ordered systems). The viscosity also exhibits 
concentration dependence, at least for high concentrations. Bornside et al. 
[55J, in their studies of spin-coating, assumed the following relationship: 

(6.18) 

where h is the viscosity of the sol, hs is the viscosity of the solvent, ho is the 
viscosity of the polymer and CA is the mass fraction of solvent. From this 
relationship, we see that the viscosity will change abruptly in the vicinity of 
the drying line during dip-coating or during the evaporation stage of spin-coating. 

The short time of the deposition process ( '" 10 s) and, more importantly, 
the extremely short time in which the inorganic species are in close proximity 
(<< 1 s) establish important times cales for the dip- and spin-coating processes 
and distinguish sol-gel thin film formation from bulk (monolithic) gel 
formation. For bulk systems, the gelling sol is normally maintained at a 
constant concentration; the gelation, aging and drying stages occur sequentially. 
Often the time required to prepare a monolithic bulk gel is on the order of 
days to months. During dip-coating (and spin-coating) the drying stage 
completely overlaps the gelation and aging stages. The depositing sol (which 
initially is often less concentrated than sols intended for bulk gels) remains 
rather dilute until the final stage of the deposition process, when it is rapidly 
concentrated. Thus, the condensation reactions (equations 6.3 and 6.4) have 
little time to create a cross-linked gel. 

Using drying and reaction theory, Cairncross et al. [57J showed that the 
time scale of drying can change when gelation occurs: (1) slow drying (as in 
bulk gels) results in gelation before solvent removal, (2) rapid drying in thick 
films causes a gelled film to form on the surface of the coating, (3) rapid 
drying in thin films causes gelation to occur after drying is completed, or (4) 
rapid drying in thin films can create dry ungelled films. Figure 6.7 demonstrates 
this effect for drying silicate films [57J using the kinetic scheme of Kay and 
Assink [58J to predict the reaction rates. However, the reaction rates have 
been shown experimentally to be much more concentration dependent than 
implied by Kay and Assink's theory. During the rapid concentration of 
reactants, the condensation reaction rate rises sharply; so the characteristic 
condensation rate in a rapidly drying coating is difficult to determine. 

We anticipate several consequences of the short timescale of the film 
deposition process. (1) There is little time available for reacting species to 
'find' low energy configurations. Thus (for reactive systems) the dominant 
aggregation process responsible for network formation may change from 
reaction-limited (near the reservoir surface) to transport-limited near the 
drying line. The reduced fractal dimensionality of transport-limited aggregates 
should result in more porous networks. (2) For sols composed of repulsive 
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Characteristic 
condensation rate (S·1) 10 

Empirical model --

10.1 
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No gelation 

~~~~~~~~~~~~~~~~ 
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Characteristic drying rate 
(mass transfer coefficient in cm/s) 

Figure 6.7 Predictions of drying and reaction from Cairncross et al. [57]. Varying 
the reaction rate and drying rate produces several types of drying phenomena. Arrows 
indicate typical reaction rates using the kinetic scheme of Kay and Assink and an 
empirical reaction scheme. - Mael refers to the onset of skin formation and tael refers 
to time for complete gelation. 

particles, there is little time available for the particles to order as they are 
concentrated in the thinning film. (3) There is little time available for 
condensation reactions to occur. Thus gelation may actually occur by a 
physical process, through the concentration dependence of the viscosity (e.g. 
equation 6.18), rather than a chemical process. (In some systems this is evident 
by the fact that the deposited film is quickly resolubilized when immersed 
in solvent.) (4) Since the gels are most likely weakly condensed compared to 
bulk gels, they are more easily compacted, first by evaporation and then by 
the capillary pressure exerted at the final stage of the deposition (drying) 
process (Fig. 6.2 inset). Furthermore, the maximum capillary pressure is likely 
to be higher due to the collapse of the network (and hence reduction in pore 
size) that precedes the final stage of drying. Of course, greater capillary 
pressure also promotes greater compaction of films compared to bulk gels. 

6.6 DRYING OF FILMS 

As stated in the previous sections, drying accompanies both dip- and 
spin-coating processes and largely establishes the shape of the fluid film 
profile. The rising solids concentration that results from drying and the 
development of physical or chemical linkages between polymers or particles 
often leads to the formation of an elastic or viscoelastic gel-like state. During 
this sol-gel transition, the rheological response of the liquid changes from 
Newtonian to shear thinning (aggregated systems) or thixotropic (ordered 
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systems) and then to viscoelastic. Eventually gelation extends throughout 
the film and the material no longer yields, i.e. the film behaves as an elastic solid. 

6.6.1 Solidification and capillary pressure 

It is at this final stage of the deposition process that the capillary pressure 
Cp' created by tiny liquid-vapor menisci as they recede into the gel, is 
maximized (Fig. 6.2 inset). The curvature of the menisci causes the liquid to 
be in tension (i.e. sub ambient pressure in the pore liquid) and the network 
to be in compression. Generally the magnitude of the capillary pressure is 
estimated by the Young-Laplace equation: 

(6.19) 

Here () is the wetting angle, r p is the pore size and h v is the liquid-vapor 
surface tension. For wetting pore fluids (cos ()---. 1), and Cp = 2hv/rp represents 
the maximum capillary pressure obtainable in a pore of size r p' Because r p 

can be of molecular dimensions, the magnitude of Cpmax can be enormous. 
For ethanol hv = 22.75 dyne/cm (22.75 jlN/mm) at 20oe, rp is estimated to 
be about 1.3 nm and Cpmax = 350 bar (35 MPa). For water hv = 72.8 dyne/cm 
(72.8 ~N/mm) at 20oe, r p is estimated to be 1.1-1.55 nm, so C pmax is 
940-1320 bar (94-132 MPa)! These large tensile pressures drive the solvent 
into metastable states analogous to superheating. Burgess and Everett suggest 
that the liquid does not boil because nucleation cannot occur in such small 
pores [59]. Because Cp can approach or possibly exceed 1000 bar (100 MPa), 
the capillary pressure represents a strong driving force to densify a drying film. 

It is the balance between the tensile capillary pressure in the liquid and 
the compressive elastic stress in the solid which establishes the final density 
and pore size of the film. The elastic modulus of the network represents its 
ability to resist collapse. Initially, as the solvent evaporates, the elastic 
modulus is low, and the gel is able to shrink. As the volume fraction of solids 
increases and the reactions produce more cross-linking, the modulus E rises. 
For both wet and dry silica gels, the following relationship between modulus 
and porosity is observed [60]: 

(6.20) 

As the spacing between polymers decreases, the effective pore size shrinks, 
and the maximum possible capillary pressure (capillary pressure at which 
menisci would recede into pores) in the pores rises as approximately 
l/<r) - <jJ1/3. Thus for silica films, the elastic stresses eventually become large 
enough that the liquid-vapor menisci invade into the pore space. 

In a simplified analysis of drying, stress development and pore shrinkage 
in a thin sol-gel film, ehen and Schunk [61] (see also [62]) have computed 
predictions of the dynamic evolutions of solid phase stress, liquid phase 
pressure, and mean pore size for a model sol-gel system. Their representative 
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results (Fig. 6.8) show how the average solid phase stress and the maximum 
attainable liquid phase pressure stress (defined as porosity times the maximum 
capillary pressure based on the pore radius) are scaled by the initial network 
modulus (Eo). The maximum liquid phase pressure rises as the pore radius 
decreases until the liquid phase and solid phase stresses are equal. We call this 
point the critical point at which shrinkage stops, thereby establishing the pore 
size and density. As shown in Fig. 6.8, for sol-gel systems with low enough 
modulus or large enough capillary pressure, it is possible to collapse the pores 
completely because the driving force for network shrinkage (the maximum 
effective pressure force) can always be greater than the resistance to deformation 
(solid phase stress). Of course, as pores collapse to molecular dimensions, the 
concept of capillary pressure breaks down, requiring additional physics. 
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Figure 6.8 Predictions of pore evolution in a shrinking coating: (a) mean pore radius 
and (b) maximum liquid phase pressure versus drying time. The stress in the solid 
network rises as the gel shrinks, and the maximum capillary pressure in the liquid 
rises until it is equal to the solid stress; then menisci recede into the pores and 
shrinkage stops. 
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Beyond this so-called critical point, any further solvent loss creates porosity 
within the film. For systems in which E exhibits a much weaker dependence 
on cp, e.g. as a consequence of organic modification or complexation of the 
metal centers with multi dentate, nonhydrolyzable ligands, we might expect 
the network to be completely collapsed by the rising capillary pressure. 
However, the rising viscosity accompanying solvent loss combined with the 
short timescale of the deposition process may represent a kinetic limitation 
to achieving a nonporous state. Also, thermolysis of organic ligands after 
drying can normally create porosity, even though the as-deposited film could 
be considered nonporous. 

6.6.2 Stages of drying 

Scherer [63] divides the drying of gels into two stages: a constant rate period 
(CRP) and a falling rate period (based on [64]). During the constant rate 
period, mass transfer is limited by convection away from the gel surface, 
whereas during the falling rate period, mass transfer is limited by transport 
within the pores of the gel. Extending these concepts to dip-coating, the CRP 
should exist throughout most of the deposition process because the pores 
do not form and the liquid~vapor interface remains located at the exterior 
surface of the thinning film, except at the final stage of drying (Fig. 6.2 inset). 
A constant evaporation rate implies a wedge-shaped film profile, which is 
not observed for pure fluids, nor is it observed for inorganic sols. Even for 
a titanate sol prepared in ethanol, the thickness varies with distance from 
the drying line as h(x) ~ XO. 62 , so the evaporation rate increases near the 
drying line. Thus, the film profile, and hence the concentration profile, are 
largely established by the dependence of the evaporation rate on the geometry 
of the depositing film. 

For sols containing fluid mixtures of differing volatilities, the fluid 
composition changes with distance x, contributing to further changes in the 
evaporation rate. The rate of drying in the CRP is usually calculated from 
an external mass transfer correlation such as [65] 

mass flux per unit area = kmt(ps - P oc,) (6.21) 

where Ps is the theoretical density of solvent in equilibrium with the surface 
of the coating, P 00 is the theoretical density of solvent vapor far removed 
from the coating surface and kmt is the mass transfer coefficient (m/s). For 
accurate modeling of sol~gel dip-coating, kmt must be position dependent, 
or replaced by large-scale two-phase calculations of the fluid mechanics and 
transport [66]. 

The critical point, at which liquid~vapor menisci start receding into the 
pores, corresponds to the beginning of the falling rate period. Depending on 
the distribution of the liquid in the pores, e.g. funicular or pendular, the 
drying rate is limited by liquid flow (funicular state ~ pore filling) or gas 
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phase diffusion (pendular state - discontinuous) [67]. For compliant molecular 
networks that are collapsed prior to the critical point, drying occurs by 
Fickian diffusion if the temperature is above the glass transition temperature 
of the mixture [68]. The onset of a falling rate period near the drying line 
may account for the differences in the exponents that describe the shape of 
the pure fluid and the sol film profiles. 

6.6.3 Drying stress and cracking 

As a film dries, it shrinks in volume. Because the film is normally adhered 
to the substrate, the volume reduction is accommodated completely by a 
reduction in film thickness. Croll [69] estimated the stress a as 

a = [E/(1 - n)][(4). - 4>r)/3] (6.22) 

where E is Young's modulus (Pa), n is Poisson's ratio, 4>. is the volume 
fraction of solvent at the solidification point, and 4>r is the volume fraction 
of residual solvent in the 'dry' film. For a polymer film, the solidification 
point was defined as the concentration at which the glass transition 
temperature equals the temperature ofthe coating. Thus, stress is proportional 
to Young's modulus and the difference between the volume fraction of solvent 
at the solidification point and in the dried coating. Scherer [63, 67] states 
that the stress in the film is nearly equal to the tension in the liquid (a '" Cp). 

Despite large stresses induced by capillary pressure, cracking of films often 
does not occur if the film thickness is below a certain critical thickness 
he = 0.5-1 /lm [67]. For films that adhere well to the substrate, the critical 
thickness for crack propagation or the growth of pinholes is given by [70,71] 

he = (KJc/aW)2 (6.23) 

where K)e is the critical stress intensity and W is a function that depends on 
the ratio of the elastic modulus of the film and substrate (for gel films W = 1). 
In films thinner than he' the energy required to extend the crack is greater 
than the energy relieved by crack growth, so cracking is not observed [67]. 
When the film thickness exceeds he' cracking occurs, and the crack patterns 
observed experimentally are qualitatively consistent with fractal patterns 
predicted by computer simulation [72]. Atkinson and Guppy [73] observed 
that the crack spacing increased with film thickness and attributed this 
behavior to a mechanism in which partial delamination accompanies crack 
propagation. Such delamination was observed directly by Garino [74] during 
the cracking of sol-gel silicate films. 

Based on equations 6.22 and 6.23, strategies to avoid cracking include (1) 
increasing the fracture toughness (K)e) of the film, (2) reducing the modulus 
of the film, (3) reducing the volume fraction of solvent at the solidification 
point, (4) reducing the surface tension of solvents and (5) reducing the film 
thickness. In organic polymer films, plasticizers are often added to reduce 
the stiffness of the film and thus avoid cracking [65]. For sol-gel systems, 
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analogous results are obtained by organic modification of alkoxide precursors 
[75], chelation by multidentate ligands such as fJ-diketonates [33], or a 
reduction in the extent of hydrolysis of alkoxide precursors [74]. 

It should be noted that for particulate films Garino [76] observed that 
the maximum film thickness obtainable without cracks decreased linearly 
with a reduction in particle size. Since for unaggregated particulate films, 
the pore size scales with the particle size, this may be due to an increase in 
the stress caused by the capillary pressure (0" = P) or an increase in the 
volume fraction of solvent at the solidification point, resulting from the 
manner that the electrostatic double-layer thickness (estimated by Debye-Huckel 
screening length) varies with particle size [67]. 

6.7 CONTROL OF FILM MICROSTRUCTURE 

From the preceding discussion we expect that the final film structure should 
depend on the competition between such phenomena as evaporation and 
capillary pressure, which tend to compact the structure, and condensation 
reactions and aggregation processes, which tend to stiffen the structure, 
resisting its tendency to collapse. In this section we document how these 
factors, along with the structure of the entrained inorganic species, influence 
film microstructure. We characterize the film microstructure (surface area, 
percentage porosity and pore size distribution) in situ by analyzing N 2 

adsorption-desorption isotherms acquired using a surface acoustic wave 
(SA W) technique developed by Frye and coworkers [13]. The film is deposited 
on a piezoelectric quartz substrate (Fig. 6.9) which acts as a feedback element 
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Figure 6.9 Acoustic wave sensor using a piezoelectric quartz substrate. 
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of an oscillator circuit. The substrate contains two sets of interdigital 
transducers; the application of an alternating field produces alternating strain, 
launching a surface acoustic wave. Changes in the mass of the film due to 
N2 adsorption or desorption cause a change in the SAW velocity, which is 
sensed as a change in the resonant frequency of the oscillator circuit. The 
extreme sensitivity of the SAW device, '" 80 pg/(cm2 film), permits accurate 
adsorption data to be obtained easily on a 1 cm2 area of film less than 100 nm 
thick. 

6.7.1 Influence of precursor structure and reactivity 

The mass fractal dimension D relates an object's mass M to its radius [77]: 

(6.24) 

where for mass fractal objects, D is less than the dimension of space. In 
three-dimensional space, the surface fractal dimension Ds relates an object's 
area A to its size r [77]: 

A ex rDs (6.25) 

where in three dimensions 2 < Ds < 3. Since in three dimensions, D < 3, the 
density of a mass fractal object decreases with distance from its center of mass: 

p ex l/r(3-D) (6.26) 

Because density is inversely related to porosity, this relationship requires 
that, unlike Euclidian objects, fractal objects become more 'porous' as their 
size increases. 

The possible structures of the inorganic precursors range from weakly 
branched polymers to highly condensed particles (Table 6.1) [77]. The 
packing efficiency of fractal objects (i.e. the volume fraction of solids, </1) 
depends on the fractal dimension, size and condensation rate. The fractal 
dimension and size dictate steric constraints. Mandelbrot [78] has shown 
that if two structures of radius R are placed independently in the same region 
of space, the mean number of intersections, M 1,2 is expressed as 

(6.27) 

where Dl and D2 are the respective fractal dimensions and d is the dimension 
of space (d = 3). Thus if each object has a fractal dimension less than 1.5, 
the probability of intersection decreases indefinitely as R increases. These 
structures are mutually transparent: during film formation, they should freely 
interpenetrate as they are forced into close proximity by the increasing 
concentration. Alternatively, if the fractal dimension of each object exceeds 
1.5, the probability of intersection increases algebraically with R. The 
structures, though porous, are mutually opaque; when concentrated they are 
unable to interpenetrate, much like an assemblage of tumbleweeds. 
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Table 6.1 Microstructure of Sol-gel films tailored to applications 

Median 
Sample pore Surface 
aging Refractive Porosity radius area 
time" index (%)b (nm) (m2/g) Applications 

Unaged 1.45 0 <0.2 1.2-1.9 Dense protective, 
optical and electronic 
films 

0-3 days Microporous films for 
sensors and 
membranes 

3 days 1.31 16 1.5 146 Mesoporous films for 
1 week 1.25 24 1.6 220 sensors, membranes, 
2 weeks 1.21 33 1.9 263 catalysts and optics 
3 weeks c 1.18 52 3.0 245 

a Aging of dilute sol (71 Si02 -18 8 20 3 -7 A120 3 -4 8aO) at SO'C and pH 3 prior to film deposition. 
b Determined from N 2 adsorption isotherm. 
c The 3 week sample gelled; it was reliquefied at high shear rates and diluted with ethanol prior 
to film deposition. 

These concepts of mutual opacity or transparency assume that every 
intersection results in irreversible 'sticking' - conditions chemically equivalent 
to an infinite condensation rate. In fact, the condensation rates of silicates 
are quite low (e.g. 1O-4ljmols) [79] and very dependent on [H+] or pH 
[38,80]. Thus the probability of sticking at any point of intersection is «1, 
causing film structures to be generally more compact than expected from 
equation 6.27. For example, deposition of rather weakly branched silicate 
sols with D = 1.9 (sample B in Fig. 6.1b) at pH ~ 2, where the condensation 
rate is minimized, produces dense films characterized by a type II N 2 

adsorption-desorption isotherm (Fig. 6.10b) [81] and surface area equivalent 
to the geometric area of the film [13]. This indicates that there is no porosity 
accessible to molecules larger than 0.4 nm, the kinetic diameter of the N 2 

molecule. Because the condensation rate is low under these conditions, we 
expect that, although D > 1.5, the precursors can interpenetrate as they are 
concentrated on the substrate surface by evaporation, leading to densely 
packed, but compliant, configurations with molecular-scale pores. During 
the final stage of drying, the capillary pressure is enormous due to the small 
pores (equation 6.19), causing further compaction of the compliant network. 

The differences in timescales of bulk and thin film sol-gel processing are 
evident from the comparison of adsorption -desorption isotherms of the film 
and bulk xerogel (dried gel) prepared from identical silicate precursors (Fig. 
6.10). Whereas the film is characterized by a type II isotherm and low surface 
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Figure 6.10 Bulk and thin film samples prepared from identical precursors have 
different microstructures: (a) microporous bulk silica xerogel and (b) nonporous silica film. 

area (Fig. 6.10b), indicating no accessible porosity, the bulk xerogel isotherm 
(Fig. 6.10a) is of type I, indicative of a microporous material, and the N2 
BET (Brunauer-Emmett-Teller) surface area exceeds 800m2/g. The long 
duration of the gelation, aging and drying stages inherent in the bulk gel 
process allows the structure to stiffen at an early point of the drying stage 
through continued condensation reactions. The result is that the gel is 
compacted less by evaporation during the initial stage of drying, so the pores 
are larger and the capillary pressure smaller (equation 6.19) during the final 
stage of drying. Both increased stiffness and reduced capillary pressure cause 
the bulk sample to be much more porous than the film. 

The interplay between precursor structure and condensation rate is well 
illustrated by a series offilrns prepared from more highly branched fractal clusters 
characterized by D = 2.4 and a higher QJ(Q2 + Q3) ratio (sample C in Fig. 
6.1 b) [82]. Dip-coating at pH = 3.5, where the condensation rate is high, 
produces films exhibiting a reciprocal relationship between refractive index 
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(proportional to </J) and polymer (cluster) size prior to film deposition (determined 
by quasi-elastic light scattering) [82]. Since the density of a fractal object decreases 
as lIR(3-D), this behavior appears consistent with an assemblage of mutually 
opaque clusters: high values of D and the condensation rate preclude interpenetration 
of large clusters, so the density (refractive index) of an assemblage of opaque 
clusters also decreases with R. Smaller clusters are both more dense and, 
according to equation 6.27, less opaque leading to denser films. 

Corresponding SAXS data have been shown to be consistent with this 
fractal viewpoint [82]. Power law regions indicative of D = 1.7 and D = 2.8 
are delineated by a crossover length comparable to the pore size, 1.9 nm. 
The conclusion is that the original polymeric clusters aggregate by a diffusion
limited process (D = 1.7) as they are rapidly concentrated at the final stage 
of the deposition step (Fig. 6.6a). The individual clusters are then partially 
collapsed by the capillary pressure created by the tiny menisci, causing D to 
increase on short length scales. The crossover occurs at a value of 11K 
approximately equal to the pore radius determined from the desorption 
branch of the corresponding N 2 isotherm. 

From Table 6.1 [46] we see that all of the important structural properties 
(percentage porosity, pore size, surface area and refractive index) of this series 
of films may be controlled by the aging (growth) step prior to film deposition. 
This allows the films to be tailored to specific applications, such as protective 
coatings, membranes, sensor surfaces or catalyst supports. Figure 6.11 
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Figure 6.11 Refractive index and pore volume are very sensitive to pH as a result of 
the reduction in condensation rate with decreasing pH. 
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illustrates that a progressive reduction in the condensation rate during 
deposition (via a reduction in the pH of the sol immediately prior to 
deposition) causes a corresponding increase in the refractive index (increase 
in <p) of films prepared from precursors aged 2 weeks at pH = 3 prior to dip 
coating [50]. Although D» 1.5, the reduction in the condensation rate 
promotes interpenetration and retards stiffening, leading to denser films. This 
system demonstrates that microstructural tailoring may be accomplished by 
controlling the size and structure of the polymeric precursors or their rates 
of condensation (or both)! 

6.7.2 Effects of capillary pressure and aging during deposition 

In sol-gel processing of silicon alkoxides, the hydrolysis step has been carried 
out with H 20/Si ratios exceeding 50. Since water is produced by condensation, 
a H 20/Si ratio of 2 is theoretically sufficient to achieve complete hydrolysis 
and condensation of Si(OR)4 to form Si02• Even if no condensation occurs, 
H 20/Si > 4 results in 'excess' water. Thus whenever Si(OR)4 is dissolved in 
alcohol and hydrolyzed with H 20/Si ratios exceeding 4, there will always be 
excess water in the precursor sol. 

As discussed in section 6.3, one consequence of excess water is water 
enrichment in the vicinity of the drying line due to preferential evaporation 
and surface tension gradient driven flows. This causes a corresponding 
increase in the capillary pressure (due to the greater surface tension of water) 
during the final stage of drying as liquid-vapor menisci recede into the film 
interior (Fig. 6.2a and equation 6.19). Assuming complete wetting (0 = 0 in 
equation 6.19), the maximum increase in pressure would be a factor of ~ 3. 

In order to evaluate the effect of water enrichment on the structure of the 
deposited film, we prepared silicate sols in which excess water was varied 
from about 0.5 to 10.5 vol% (assuming complete hydrolysis and condensation). 
The refractive index of the deposited films increased from 1.342 to 1.431 as 
the excess water was increased from 0.5 to 6 vol%, corresponding to a 
reduction in porosity from 22 to 7%. Further increases in the excess water 
caused a reduction in refractive index (increase in porosity). We believe that 
this behavior reflects the competition between capillary pressure and aging 
(stiffening) of the silicate skeleton, which are both enhanced by the increasing 
water concentrations. These results differ from those of Glaser and Pantano 
[83], who observed a monotonic increase in refractive index with water 
concentration for spin-coated silicate films. The difference between dip- and 
spin-coating is the evaporation rate and correspondingly the time available 
for aging. Spinning creates a strong forced convection in the vapor above 
the substrate [47], increasing the evaporation rate. Thus there is little time 
for aging to occur, and the structure of the film is dominated by the effects 
of capillarity. 
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6.7.3 Effect of substrate speed 
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An increase in the substrate speed U 0 results in an increase in film thickness 
according to equations 6.9 and 6.10. Since virtually all solvent evaporation 
occurs at the exterior surface of the entrained sol (i.e. at the sol-vapor 
interface), thicker films take longer to dry, increasing the aging time for 
reactive sols and,. as we shall see, the time for ordering of repulsive sols. A 
second effect of the substrate speed is the shear field induced within the 
depositing sol. When the effects of shear experienced by a particle overwhelm 
those due to diffusion, it is expected that mutually repulsive particles could 
align in close-packed planes oriented parallel to the substrate surface or that 
asymmetrically shaped particles might align with their long axes parallel to 
the shear field. 

Nitrogen adsorption-desorption isotherms acquired for 55 nm particulate 
sols by SAW techniques show that the volume fraction of porosity decreases 
from 36 to 26% as the coating rate is increased from 12.7 to 45.7 cm/min. 
For packings of monosized spherical sols, this corresponds to a change from 
random dense packing (consistent with a liquid-like structure observed in 
previous SAXS experiments [82]) to face-centered cubic (or hexagonal) close 
packing. Thus we infer that increased coating rates result in particle ordering. 

The smooth increase in refractive index with U 0 argues against a discrete 
phase transition from a liquid-like structure to a crystal-like structure. 
Experiments on monosized, spherical colloids [84] at constant concentration, 
however, indicate such a transition when ¢ = 0.3 and the Peclet number (Pe, 
a dimensionless parameter reflecting the relative rates of shear and diffusion): 

(6.28) 

exceeds about 1, where y equals the shear rate (S-1), a equals the particle 
diameter (cm) and Do equals the diffusion coefficient (cm2/s). For 55 nm 
diameter particles deposited at 45.7 cm/min from a low viscosity alcohol
based sol, we calculate Pe = 0.04 near the liquid bath surface where y is 
maximized (~275 S -1) for a pure fluid. This value is obviously too low to 
account for ordering. However, according to the previous discussion of the 
deposition of sols from binary fluid mixtures, both the shear rate and sol 
viscosity are expected to be maximized in the vicinity of the drying line due 
to water enrichment, surface tension gradient driven flows and the concentration 
dependence of viscosity. These combined factors probably cause Pe to exceed 
1 there. We note that, to date, preliminary light-scattering experiments have 
not provided any direct evidence of ordering within the depositing sol, 
although we may not have the necessary spatial resolution to acquire data 
sufficiently close to the drying line, where we anticipate ordering to occur. 

A second consequence of increased withdrawal speeds is increased drying 
time. Increased time may benefit the ordering of repulsive particles because 
finite time is required for alignment and registration of the particles into a 
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crystal-like structure. Conversely, for the reactive sol, increased drying times 
caused increased stiffness of the silicate skeleton (aging) prior to the final 
stage of drying, leading to more porous films. In both cases the coating rate 
can be used to tune porosity of the deposited film. 

6.8 APPLICATIONS 

6.S.1 Protection for terrestrial and space mirrors 

Mirrors used in solar arrays for both terrestrial and space applications 
frequently utilize a front surface design to maximize the light incident on the 
surface. Unlike a conventional second surface mirror (e.g. household mirror) 
which is protected on the front surface by glass and on the back surface by 
an opaque paint, front surface mirrors have an exposed reflecting surface 
which requires rigorous protection, depending upon the choice of reflector 
material and the operating environment. Terrestrial mirrors require protection 
against acid rain or other chemical pollutants, particulates and ultraviolet 
radiation. For space applications in low earth orbits (LEO, defined as altitudes 
of '" 200-700 km) materials are exposed to atomic oxygen (AO), ultraviolet 
radiation, electrons, protons and cosmic rays, in addition to particulates such 
as micrometeorites. Of these, AO exposure presents the primary challenge 
to the design of protective films for many space materials. 

Atomic oxygen is the most abundant LEO species, e.g. comprising 90% 
of the total atmosphere at an altitude of 500 km [85]. Spacecraft orbiting at 
this altitude at a velocity of 8 km/s are exposed to AO with a kinetic energy 
of about 5 eV and a flux of '" tOOO atoms/cm2 s [86, 87]. Reflecting materials, 
such as silver, copper and osmium, as well as various polymer or epoxy 
composite structural materials, organic paints and adhesives, and thermal 
control coatings are aggressively attacked by atomic oxygen. In addition to 
AO corrosion resistance, design requirements for protective films for space 
materials must include simple deposition techniques amenable to large areas 
and complex geometries, high transparency, reasonable abrasion resistance 
and good stability under vacuum and fluctuating temperature conditions. 

A variety of characterization methods and facilities exist to determine AO 
degradation of candidate space materials. Exposure to RF plasma discharges 
in air or oxygen (asher test) is commonly used to roughly simulate LEO 
conditions and give relative indications of material durability. A wide range 
of environments can be simulated using the RF plasma asher by controlling 
the RF power, source gas and pressure. Plasma reaction conditions are 
monitored using erosion of polyimide (Kapton) as a reference material. 
Kapton asher erosion data is compared with erosion data collected during 
spaceflight experiments in LEO to estimate comparable space exposure. As 
an example, in a NASA study by Gulino et al. [88], 1 h exposure to a plasma 
generated using ambient air as the carrier gas resulted in Kapton erosion 
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equivalent to that observed by exposure to a f1uence of 1 x 1019 atoms/cm2 

in shuttle experiments. Based on this calibration, a Kapton exposure of 26 h 
approximated one year in LEO. Alternatively, numerous atomic oxygen test 
facilities [89] allow materials to be tested under conditions where a number 
of critical parameters can be controlled, e.g. AO f1uence, energy and energy 
distribution, charged species population and partial pressure, temperature, 
UV radiation and gas purity and composition. Finally, experiments such as 
the limited duration candidate exposure, coordinated by the Center on 
Materials for Space Structures at Case Western Reserve University, Cleveland 
OH, permit exposure of candidate materials to actual LEO conditions during 
space shuttle flights. The most significant difference between LEO exposure 
tests and asher simulations is the kinetic energy of the oxygen atoms - atoms 
in LEO have a translational energy of 5 eV, whereas atoms generated in the 
asher have energies of 0.04-0.06 e V. Another major difference is the interaction 
of AO with other space components such as UV /VUV and micrometeorites. 
AO facilities which generate a variety of species at different energies and 
fluxes can more closely simulate actual space environments but at significantly 
greater cost. 

Sol-gel protective films for mirror applications 

Sol-gel thin films meet the criteria outlined above for protective films and, 
as such, are attractive candidates for both terrestrial and space mirror 
applications. For most solar applications, cost limitations preclude mechanical 
preparation of the substrate surface therefore any subsequent surface coating 
must be compatible with large-scale, continuous deposition coating techniques. 
Sol-gel coatings have been used in terrestrial solar thermal designs to produce 
high performance, low cost reflective surfaces which can function as both 
the optical concentrator and as a structural component of collectors. In these 
mirror designs sol-gel thin films performed a dual role: (1) a sol-gel 
planarizing layer enhanced the surface smoothness of the metal substrate 
and improved specular reflectance while preventing corrosion of the stainless 
steel substrate, and (2) a sol-gel protection layer minimized degradation of 
the silver reflecting surface [90]. 

Planarized mirrors were constructed of 400 series 0.005 in. (0.1 mm) thick 
stainless steel foil, Si02 sol-gel planarization layer (4oo-500nm total 
thickness), silver (~150 nm thickness, sputter-deposited), and a sol-gel 
protective film (nominal film thickness of 100-200 nm) [12]. Both the 
protective and planarizing sol-gel films were deposited from Si02 sols 
prepared using a two-step hydrolysis method [77] with H20/Si molar ratios 
(r) ranging from 2.5 for the planarizing layer to 5-10 for the protective layer. 
As discussed in section 6.7.2, variation of the H20/Si ratio r is commonly 
employed in sol-gel processing to vary the structures of the inorganic 
polymers. Reflectance properties of the samples were measured with a 
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Beckman 5270 spectrophotometer equipped with an integrating sphere 
accessory and with a Device and Services model 15R portable specular 
reflectometer. Hemispherical (total) reflectance data were referenced to a 
calibrated mirror standard (NIST) and have an uncertainty of 0.005 reflectance 
units (where 100% reflectance is 1.000 reflectance units). Specular reflectances 
were measured at 600 nm at an angular aperature of 26 mrad and have an 
uncertainty of 0.01 reflectance units. Solar averaged values were calculated 
using the NIST -corrected data and an air mass zero solar spectral distribution 
(ASTM E490-73a) because of the extraterrestrial mirror application. 

Sol-gel planarization of the substrate resulted in an improvement in the 
specular reflectance of the mirror from '" 36% for an unplanarized mirror 
to over 92% [12]. Sol-gel protective films of varying compositions were 
deposited onto planarized and unplanarized mirrors prior to simulated AO 
testing (plasma asher) at NASA's Lewis Research Center. The plasma was 
generated by exciting ambient air with 100 W of continuous wave RF power 
at 13.56 MHz and an operating pressure of '" 50 mtorr (6.7 Pa). Specular and 
hemispherical reflectance measurements were made at Sandia National 
Laboratories following total exposures of 0, 50, 100, 180, and 295 h. An 
unprotected control sample, i.e. no sol-gel overcoat, was exposed for 1 h. 
The AO fluence at the various sampling times was determined from empirical 
data obtained from Kapton erosion under identical conditions. The approximate 
Kapton equivalent fluences yielded an effective flux of'" 3 x 1015 atoms/cmz s 
[91]. Based on this calibration, 295 h asher exposure represented > 5 yr 
exposure at an altitude of 465 km. 

The hemispherical reflectance of sol-gel protected mirrors following asher 
exposure is shown in Fig. 6.12. The unprotected sample shows reflectance 
degradation from 0.95 to 0.65 after only 1 h exposure. In contrast, sol-gel 
protective coatings with r = 5-10, i.e. comprised of weakly branched polymers 
which freely interpenetrate upon deposition to form relatively dense films 
[77], show excellent protection after exposure to conditions which simulate 
'" 30% (5.75 yr) of the AO fluence expected during 20 yr in LEO. However, 
when protective films were deposited from an aged, multicomponent sol 
(wt% = 71SiOz-18B20 3-7 Alz0 3-4BaO; Table 6.1) and the coated mirrors 
were subjected to asher exposure, little protection from the corrosive effects 
of atomic oxygen was observed. This result is not surprising due to the highly 
branched nature of the polymeric species - fractal polymers of this type do 
not interpenetrate upon deposition and lead to highly porous films which 
are unsuitable for protective applications. Interpenetration of polymers 
depends upon polymer fractal dimension and is discussed in section 6.7.1. 

Results of depth profiling Auger analysis (argon sputter) of sol-gel 
protected mirrors following air plasma exposure are shown in Fig. 6.13a 
(unplanarized mirror) and Fig. 6.13b (planarized mirror). The unplanarized 
mirror, i.e. silver sputter-deposited directly on stainless steel followed by a 
sol-gel SiOz protective layer, clearly shows migration of iron through the 
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Figure 6.12 Sol-gel overcoats preserve the hemispherical solar reflectance of treated 
mirrors under simulated atomic oxygen exposure conditions. Sol compositions: 
(.) Si02 , r = 10; (A.) Si02 , r = 5; (x) aged multicomponent sol, see Table 6.1. 

silver layer into the sol-gel protection layer. The consequence of iron diffusion 
into the silver is severely reduced hemispherical reflectance. In this sample, 
silver is also seen in the near-surface region of the protection layer. In contrast, 
the planarized mirror shows minimal movement of iron into the planarization 
layer and no silver or iron migration into the near-surface region of the 
sol-gel protective coating. 

The Auger profiles show significant differences in diffusion resistance 
between the planarizing layer and the protection layers. The absence of 
diffusion through the planarizing layer suggests that this layer, prepared from 
a sol with r = 2.5, is more resistant to diffusion and presumably more dense 
than the protective films. This result initially appears to conflict with data 
presented by Brinker and coworkers [50] which show decreasing film porosity 
as excess water increases from 0.5 to 6% (corresponding to r = 2.5 to r = 7.5). 
At even higher water contents (r > 7.5), they observed increasing porosity 
(lower refractive index), attributed to competition between capillary pressure 
and aging (stiffening) of the silicate skeleton - factors which are both enhanced 
by increasing water concentration. Our result, i.e. that low r films appear 
functionally more dense than films with r values ranging from 5-10, can be 
explained by processing differences between the films. The planarizing layer 
consisted of three separate coatings which were each fired to 450°C to cause 
partial densification. However, processing of the single protective layer was 
limited to low temperature « 250°C) to minimize damage to the silver. In 
Brinker's experiment, very similar refractive indices (i.e. similar film densities) 
were measured for films deposited from sols with r = 5 and r = 10. Thus, 
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the slight differences in diffusion resistance of the two protective films (r = 5 
and r = 10) which we observe are probably attributable to processing 
variations rather than to significant differences in film microstructure. The 
slightly lower resistance to diffusion of silver of the Si02 film with r = 10 
may be due to longer asher exposure time (295 h compared to 180 h for the 
Si02 r = 5 film) or to thermally enhanced diffusion during prolonged 
exposure. As expected, mirrors which were protected by films deposited from 
the aged, multicomponent sol, discussed earlier, permitted easy migration of 
Ag and Fe into the protective film (results not shown). These data support 
the conclusion of the asher experiment, which determined that these highly 
porous films offer little protection from the corrosive effects of AO. 

6.8.2 Space exposure of sol-gel protected mirrors 

Sol-gel protective mirror samples similar to those prepared above were 
included in a materials exposure experiment aboard NASA shuttle mission 
STS-51 (shuttle Discovery, September 12-22, 1993). The limited duration 
candidate exposure experiments consisted of two separate payload elements, 
designated LDCE-4 and LDCE-5, and were coordinated by the NASA Center 
on Materials for Space Structures (CMSS) at Case Western Reserve University, 
Cleveland OH. 

The payload configuration consisted of two aluminum disks, each 49 cm 
in diameter, onto which sample trays containing 64 candidate samples were 
mounted. Each tray also contained Kapton HN polyimide samples as 
exposure controls. The sample trays were mounted inside a canister which 
was open only during periods when the payload bay was pointed toward 
the direction of orbital travel (velocity vector). During shuttle operations 
where contamination may occur, such as water dumps and thruster firings, 
the canister was closed, thus restricting exposure of samples to ram atomic 
oxygen only and minimizing contamination. 

The sol-gel protective coatings were deposited onto planarized, silvered 
mirrors. Based on the results of asher tests and previous experiments to 
evaluate sol-gel insulating films for electronic passivation [92], Si02 sols 
with r = 5 and 12.5 were evaluated, in addition to a combination Si02 - Ti02 

overlayer. Controls included an unprotected silver sample and mirrors 
protected by commercial proprietary sputter-deposited oxides which contained 

Figure 6.13 Auger sputter depth profiles compare an unplanarized mirror with a 
mirror having a dense sol-gel planarizing layer: (a) no planarization, r = 10 overcoat, 
295 h NASA plasma and (b) sol-gel planarization r = 5 overcoat, 175 h NASA plasma. 
The planarizing layer is an effective barrier to diffusion of iron from the stainless 
steel support through the silver mirror and into the protective sol-gel overcoat. 
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Al20 3 or Si02 as primary components. The sols were prepared as reported 
previously [93] and were deposited by dip-coating using a computer
controlled, constant atmosphere coating apparatus. Postdeposition treatment 
consisted of either 250°C fire or 1 h exposure to oxygen plasma to remove 
residual organic species. Companion control samples were stored in the 
laboratory under argon immediately after coating and were maintained in 
an inert atmosphere until final postflight analysis ( '" 1.5 yr). 

Candidate sol-gel protected mirror samples, 3/4 in. (19 mm) or 1 in. (25 mm) 
diameter disks, were characterized optically (specular and hemispherical 
reflectance) and transported to NASA under argon. Preflight characterization 
was carried out in a clean room and the samples were held in clean, controlled 
humidity conditions, until launch integration at Kennedy Space Center. 
During the spaceflight, the materials were exposed at an altitude of 296 km 
for 38 h. The prediction for the ram atomic oxygen fluence was 7 x 1019 

atoms/cm2; this fluence value was consistent with the average weight loss as 
measured on the Kapton HN control samples. After flight, the closed canisters 
were cleaned and opened in a class 100000 clean room for final analysis. 

Specular reflectance measurements were made using 26 mrad aperture and 
vacuum holding device. Samples designated as controls were held in the 
laboratory under argon atmosphere after coating until final characterization. 

Table 6.2 shows the pre- and postflight optical results for control and flight 
samples. Samples 1, 4 and 5 experienced some silver degradation prior to 
the experiment because the sol-gel protective coatings were not deposited 
onto freshly silvered surfaces. This explains the somewhat lower preflight 
reflectance values for these samples. As expected, the unprotected sample 
shows severe degradation during the 38 h shuttle exposure. The sputtered 
protective coatings were deposited immediately following silver deposition 

Table 6.2 Preflight and postflight specular reflectance of mirrors 

Preflight specular Postflight specular 
Sample Protective coat reflectance (%) reflectance (%) 

1-control none 89.3 90.5 
1-flight none 90.5 20.3 
2-control sputtered Si02 94.6 94.3 
2-flight sputtered Si02 95.1 94.4 
3-control sputtered Alz0 3 94.6 95.2 
3-flight sputtered Alz0 3 95.6 94.7 
4-control sol-gel SiOz 88.9 87.9 
4-flight sol-gel SiOz 88.5 76.3 
5-control sol-gel SiOz- TiOz 89.2 89.1 
5-flight sol-gel Si0 2 - Ti0 2 89.2 89.4 
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so that the fresh silver surface was never exposed to ambient air. The sputtered 
coatings exhibit high initial reflectance values which are retained during AO 
exposure. The 130nm thick sol-gel Si02 coating alone, which is somewhat 
porous after firing to only 250°C, is less protective than either sputtered oxide 
coating. However, the combination sol-gel film, consisting of Si02 followed 
by Ti02, allowed no silver degradation during AO exposure. Ti02 is highly 
resistant to AO but the high acid content of most sol-gel prepared Ti02 

formulations contributes to silver degradation and loss of specularity. 
However, in this case, the Si02 layer prevented acid damage to the silver. It 
is unknown whether the enhanced protection afforded by the combination 
film is due to the Ti02 layer or merely to the increased thickness of the 
two-layer film. 

Sol-gel coatings, especially combination Si0 2 - Ti02 layers, are suitable 
for use as protective coatings for mirrors in space applications. The silver 
layer, which was severely degraded in unprotected films, was protected in 
both laboratory simulations of AO exposure and actual space AO exposure. 
Sol-gel protective films allow the original, high reflectance values to be 
maintained and provide protection that is comparable to materials such as 
sputter-deposited oxides. Although protection of sputter-deposited silver 
appears to be easily accomplished by the use of a sputtered oxide layer, the 
use of sol-gel films for oxidation-resistant coatings is not limited to silver 
mirrors. One of the great advantages of sol-gel processing is the ability to 
deposit coatings of uniform composition and thickness over large areas and 
relatively complex geometries without using thermal or vacuum deposition 
processes. Other exposed spacecraft components and structures, especially 
those utilizing temperature-sensitive materials such as polymers or composites, 
may be ideal candidates for sol-gel protection. 

Our results support the hypothesis that sol-gel derived oxides are quite 
nonreactive in AO environments. Materials with bond strengths > 4.2 e V 
(Si-O, Si -C, C-F) appear to be relatively stable in AO environments, whereas 
materials with bond energies below this value degrade. There is no driving 
force for further oxidation of oxides, since they are in their highest oxidation 
states. This is not the case for carbon-based materials, where the thermodynamic 
stability of the oxidation product, CO 2 (C-O, 8.3 eV), favors further 
oxidation. Densification of the sol-gel oxide during prolonged AO exposure 
may also occur as has been noted upon exposure of unheated, porous sol-gel 
derived oxide films to laboratory oxygen plasma [94]. It is assumed that 
densification of a sol-gel protective film is advantageous, however some 
residual porosity may actually be desirable. A microporous underlayer, such 
as the Si02 underneath the Ti02 , may serve to minimize stress buildup 
during continuing AO-driven densification of the exposed film. Alternatively, 
a microporous overlayer may perform sacrificially to mitigate the impact of 
debris on a dense underlying film. Sandwich structures such as these may 
hold the greatest potential for long-term protective schemes. 
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6.9 SUMMARY 

During sol-gel dip-coating, inorganic precursors are rapidly concentrated 
on the substrate surface by gravitational draining with concurrent evaporation 
and condensation reactions. We have presented examples of several factors 
that influence the structure of the deposited films: (1) size and opacity of 
fractal precursors; (2) relative rates of condensation and evaporation; (3) 
capillary pressure; (4) shear resulting from surface tension gradient driven 
flows; and (5) substrate withdrawal speed. By control of these factors it is 
possible to tailor the pore size, surface area, pore volume and refractive index 
of the deposited film for applications ranging from dense protective or 
passivation layers to films with precisely controlled pore sizes for sensor 
surfaces and separation membranes. 
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7 

Solid phase cladding 
S.B. Dunkerton 

7.1 INTRODUCTION 

The many metallurgical and ceramic coating techniques are amply illustrated 
in this book. Most ofthe chapters cover technologies relating to thin coatings, 
that is, less than 0.3-0.5 mm thick, which leaves a large market where arduous 
conditions and/or long life requirements dictate the need for thick coatings. 
These thicker coatings, or claddings, as they will be referred to, can be 
deposited by an equally wide range of techniques, all emanating from 
well-established welding and bonding methods. 

One area not covered in this chapter, or elsewhere in the book, lies in the 
use of fusion claddings, where welding processes such as submerged arc, 
metal inert gas (MIG), tungsten inert gas (TIG), plasma transferred arc (PTA) 
are typically used. These processes will deposit a range of hard-wearing 
and/or corrosion-resistant layers with thickness up to nominally 10mm in 
a single pass. Readers wishing to find out more are referred to Dunkerton 
[1] and Houldcroft and John [2l 

Solid phase cladding tehniques are more competitive with the subject areas 
of this book; they can deposit coatings in the nominal range 0.5-5 mm. This 
chapter aims to introduce the various techniques, highlighting their particular 
characteristics and providing background to assist the user in the selection 
of a process for a particular application. The common thread of the processes 
covered is that all the coatings are deposited by methods that involve no 
melting of either the coating or the substrate, that is, they are all 'solid phase' 
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claddings. The advantages of this group of techniques are that unusual 
combinations of metals can be bonded, there is zero or minimal dilution and, 
because the deposits are 'welded', excellent adhesion is achieved. 

Some of the processes described (explosive cladding, roll bonding) are 
established techniques which are widely used for specific large-scale application 
areas. Their niche markets are also established and consequently little new 
development work is ongoing. Developments that do arise tend to be in the 
transfer of the technology to new application areas, and this is described in 
the following sections. Other solid phase cladding techniques are more recent 
and are still in the embryonic stage of industrial exploitaton. This covers 
such processes as friction surfacing, a variant of friction welding, resistance 
cladding, a variant of resistance welding, and hot isostatic pressing, an 
extension of the diffusion bonding process. The discussion on these latter 
processes will indicate their future potential and highlight possible application 
areas. 

7.2 EXPLOSIVE CLADDING 

Explosive cladding is a well-established process within the high energy rate 
metalworking field of forming, welding, compaction and hardening. The use 
of explosives for working metals dates back to the late 1800s and, as with 
many developments, the application to welding resulted from the need to 
prevent 'accidental' welds when working on explosive forming. In these early 
studies, it was discovered that the use of an overcharge could result in preforms 
or blanks being welded to the die cavity, leading to the expensive replacement 
of the die. These events led to the first serious study of explosives for welding 
and cladding in the late 1950s. Apart from interest in remote welding/cladding, 
significant potential for the process was seen in the ability to join metal 
combinations with widely different melting points, thermal expansion coefficients 
and hardnesses. 

The process of explosive cladding has grown to encompass applications 
in many diverse industries such as shipbuilding, chemical processing, nuclear, 
power transmission and, recently, electronics. Its unique advantages within 
the solid phase cladding field are large surface area cladding, restricted access 
cladding, no need for large capital equipment and applicability to a wide 
range of dissimilar metal combinations. 

7.2.1 Principle and mechanism 

Explosive cladding is a 'cold' welding process in which bonding is achieved 
by an oblique, high velocity collision between the two plates being welded. 
The collision results in a metallic jet being ejected at the point of contact 
between two plates, and this jet removes surface contamination allowing 
automatically clean surfaces to come into intimate contact and form a weld. 
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Detonator Buffer 

(a) 

Flyer plate 
/ 

(b) 

Figure 7.1 Schematic arrangement for explosive cladding: (a) parallel plate and 
(b) inclined plate. 

Two forms of the cladding process are used; Fig. 7.1 shows the arrangements 
for both parallel-plate cladding and the inclined plate arrangement. Both 
have the base plate (to be clad) resting on an anvil, with the flyer plate (clad 
layer) held above the base plate. A buffer layer (of rubber or other suitable 
material) is laid on the flyer plate, to protect the top surface, and on top of 
this rests the explosive charge. The explosive is usually denoted from one 
point on the top plate, such that the flyer plate is progressively forced down 
against the base plate until the two plates are completely welded. 

Bahrani [3] and EI-Sobky [4] have provided the theory to the mechanism 
of explosive cladding and only a brief summary is provided here. When the 
explosive charge is fired, a detonation wave starts to travel along the explosive 
charge at the detonation velocity of the explosive. This accelerates the flyer 
plate by means of shock waves and, as the detonation front traverses the 
flyer plate, it forces the flyer plate to move towards the base plate with a 
constant velocity (some 4-5 km/s). The flyer plate velocity is related to the 
detonation velocity, starting angle and impact angle between the flyer and 
base plate. On collision, the kinetic energy of the flyer plate is dissipated to 
produce very high pressure and shear stresses at the collision point. These 
high pressures cause the materials at the point of impact to behave rather 
like inviscid fluids. Under these fluid conditions, a jet is ejected from the 
metal surfaces (believed to contain parts of both the flyer and base plate) 
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which also moves forward at a velocity related to the detonation charge and 
collision angles. Although this reentrant jet has a small mass, it has a very 
high velocity, so it provides an effective scouring action. 

In setting up the explosive cladding process, the plate arrangement - either 
parallel or inclined - is critical in controlling angles of collision; therefore, 
angle of incline or gap should be set carefully. With the parallel gap 
arrangement, the plates may be separated by small beads. Where metallic 
beads are used, these can trap the reentrant jet and leave small unbonded 
areas around the particles. Also, when cladding with thin sheet, the metal 
particles can be visible from the top clad suface. Polystyrene beads partly 
solve this problem; another option is to use a curtain of pressurized air. A 
curtain is particularly useful for thin plate, and it also allows the possibility 
of using an inert gas as the pressurizing medium, which may be important 
for highly reactive materials (e.g. titanium). The understanding of cladding 
mechanisms and experimental results are such that conditions for many metal 
combinations are now well known or readily established. The other critical 
areas are the explosive charge and point of detonation. With safety regulations, 
it is essential that the people responsible for cladding are fully trained in the 
handling and safety of explosives. Coupled with the need to carry out the 
explosive operations in remote sites (e.g. quarries, specially constructed 
bunkers, etc.), this means that most cladding work is carried out by a number 
of qualified and established explosive metalworking companies throughout 
the world. 

Preparation of the plates involves machining to a flat, smooth finish 
(Ra = 2-3 11m) then simple abrasion with emery paper, wiping with a clean 
dry cloth and possibly degreasing on site prior to cladding. Where surfaces 
are rough, the asperities may interfere with jet generation and cause additional 
heating at the weld interface, with the possibility of excessive melt formation. 
Therefore, although the explosive charge can be increased to compensate for 
a rough finish, this may have a deleterious effect on clad quality. 

7.2.2 Materials and metallurgy 

A wide range of metal combinations have been welded/clad by the explosive 
process with general agreement that over 300 combinations have been 
successfully joined. The factors determining weld ability include the ductility, 
melting point, density and thickness of one or both components [5]. With 
respect to ductility, Du Pont [6] has suggested that an elongation of at least 
5% in a standard tensile test or an energy of at least 14 J in a Charpy V-notch 
impact test is required in the flyer plate to avoid cracking. It is usual to make 
the more brittle material the backer plate, but dependent on size and material, 
the brittle flyer plate can be preheated to impart more ductility. 

Metals of very low melting point (e.g. solderable alloys) can melt very 
quickly under impact and this interferes with the transmission of the shock 
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waves. For metals with a large difference in density, welding becomes more 
difficult and Du Pont has again suggested a limiting factor of 9 g/cm3 

difference. Above this factor, there is an increasing loss of symmetry in the 
field behavior of the two metals at the collision point such that more jetted 
material becomes trapped at the interface. 

A surprisingly wide range of material thicknesses can be clad onto a base 
plate and Chadwick and Jackson [5] list a range of commercially available 
clad material thicknesses (Table 7.1) showing that flyer thicknesses of 
0.4-50mm (50mm for aluminum) have been successfuly welded. More typical 
thicknesses tend to be in the range 1.5-10 mm. 

The combinations of metals which have been joined by explosive welding 
are numerous. Figure 7.2 attempts to represent a simplified range of 
combinations, taken from [5] and [7]. In addition, limited trials have shown 
some success in the joining of thermoplastics by explosive cladding. 

Because explosive cladding is a cold process, there is no thermal macrostructure 
associated with the weld and the features to be observed often include a 
sinusoidal or 'wavy' interface, localized melting and intermetallic formation 

Table 7.1 Various cladding materials and thicknesses [5] 

Thickness for routine cladding (mm) 

Cladding metal Min Max 

Aluminum 6 50 
Aluminum bronze (CA106) 1.5 20 
Brasses 1.5 20 
Copper (OF, DHP and DLP) 1.5 22 
Cupronickel (90/10) 1.5 22 
Cupronickel (70/30) 1.5 22 
Hastelloy (B, B2, C, C-276, C4 and G) 1.5 13 
Incoloy (800 and 825) 
Incoloy (600 and 625) 1.5 20 
Monel (400, 404 and K-500) 
Nickel (Gd. 200, 201) 1.5 20 
Nickel-silver (Du Pont) 1.5 20 
Platinum 0.4 NDa 
Silicon bronze (Du Pont) (Everdur-1015 

and high silicon 655) 1.5 16 
Stainless steel (austenitic and ferritic) 1.5 25 
Tantalum O.5 b or 1.5 >6 
Titanium 1.5 20 
Zirconium ND 12 

a ND = not determined. 
b If copper interlayer is used. 
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Tantalum X X X 
Titanium X X X X X 
Vanadium X X 
Zinc X 
Zirconium X 

Figure 7.2 Combination of metals which may be joined by explosive cladding. 

(specific dissimilar metal combinations), possibly with cracking or inadequate 
bonding. The wavy interface (Fig. 7.3) is almost synonymous with explosive 
welding, although it is not essential for welding. It is formed as a result of 
the fluid mechanical behavior of the surfaces during impact. Various theories 
for wave formation have been postulated and these are reviewed in [4]. 

Despite the lack of metallurgical change in the materials, there is evidence 
of localized metallurgical effects as seen by hardness increases and associated 
increases in tensile strength and reductions in ductility. They are believed to 
be caused by shock hardening and their level of occurrence will depend on 
the parent materials and their prior cold work or other hardening mechanism. 
Indeed, highly worked steels may see local softening because the localized 
interfacial heat causes some annealing. 

Detailed examination of the wavy interface of an explosive weld (Fig. 7.3) 
shows the localized metal movement in the vortices of the waves. Also, 
although not clearly evident, it is possible that some melting has occurred 
in the center of these vortices. In some welds, a more clear cast structure 
can become evident; this is preferably avoided because of the poor properties 
associated with it. 

Two popular dissimilar metal combinations for explosive cladding are 
aluminum to steel and titanium to steel. Both of these combinations suffer 
from intermetallic formation, and indeed these welds can exhibit small 
entrapped locations of intermetallic. With correct choice of parameters, the 
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Figure 7.3 Typical microsection of explosive weld showing characteristic wavy 
interface. 

intermetallic formation is minimized and satisfactory welds are achieved. It 
should be remembered that, as a cold welding process, explosive cladding is 
probably the most attractive way to join such a difficult combination as 
titanium to steel. The limitations are primarily associated.with the restricted 
geometries that can be clad. 

Where it is difficult to achieve the required level of control during welding, 
some dissimilar combinations are welded with an appropriate interlayer of 
another metal. For example, 5000 series aluminum is not readily welded to 
300 series stainless steel directly but can be welded via a pure aluminum 
interlayer [8]. 

7.2.3 Equipment 

There is no equipment, as such, in explosive welding. The key feature is the 
applicaion of the explosive layer which is often a manual process, and 
detonation occurs through the manual ignition of suitably located detonators. 

The safety features associated with the storing and handling of explosives, 
together with the envrironmental issues arising from large-scale detonations, 
mean that explosive cladding is a specialist service activity. If plates are 
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required clad in this way, users will purchase from the explosive cladding 
compames. 

There may be exceptions to this for small-scale cladding, and developments 
have been made in the provision of hand-operated explosive welding machines 
which will carry charges of a few grams. Such equipment can spot weld 1 mm 
thick material and the noise is no greater than that given by a 12 mm bore 
shotgun. However, the requirements for handling and storing the explosive 
will remain. 

7.2.4 Applications 

Flat clad plate 

By far the largest tonnage of explosive cladding comes in the form of flat 
plate. The requirement for clad plate spans many industries and essentially 
gives the designer and manufacturer the advantage of increased performance 
at minimal cost. Typically the aims are to increase operating pressures and 
temperatures and/or to operate in increasingly hostile environments. Explosively 
clad plate tends to fulfill the market for heavier section plate than is possible 
for roll bonded plates, and with a wider range of clad materials. 

Explosively clad plate may be further processed by hot and/or cold rolling. 
Reductions of 90% or more are possible even with such dissimilar combinations 
as titanium on steel. However, in examples such as these, careful control of 
the temperature must be maintained to restrict the growth of intermetallic 
compounds at the interface and hence maintain ductility. Limiting temperatures 
for common clad plates are shown in Table 7.2, and Fig. 7.4 shows the 

Table 7.2 Limiting temperatures for clad plate [9] 

Combination 

Stainless-CS b 

Monel-CS 
Hastelloy-CS 
CuNi-CS 
Copper-CS 
Titanium-CS 
Copper-aluminum 
Aluminum-CS 

a Minimum time at temperature. 
b CS carbon steel. 

Maximum temperature ('C) 

Fabrication (hot forming)" 

1100 
1100 
1200 
1000 
925 
800 
260 
315 

Service 

540 
400 
150 
260 
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Figure 7.4 Titanium-carbon clad shear strength after postweld heating [9]. 

reduction in shear strength of titanium-steel clad plate after heating to 
temperatures up to 750·C [9]. 

The explosive cladding process can also be combined with roll bonding 
to produce a competitively priced plate. An example includes a thin layer of 
stainless steel explosively clad to mild steel and subsequently roll bonded to 
structural steel. 

Marine 
The use of aluminum as a superstructure material in the shipbuilding industry 
has highlighted the shortcomings of bolted or riveted dissimilar metal 
combinations. In the presence of seawater, steel and aluminum form a galvanic 
cell such that corrosion can take place at the interface. Within the ship's 
structure, crevice corrosion could go unnoticed until replacement is required. 
The use of explosively welded transition pieces [10] removes the crevice, and 
although corrosion can still occur, it is moved to the external surfaces where 
it can be monitored and corrosion products removed. From these transition 
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Jomts, exploitation has moved to the use of clad plate, providing the 
opportunity for new designs in ship superstructure. 

Chemical process vessels or heat exchangers 
Clad plate has been a valuable construction material for chemical plant 
vessels and heat exchanger tube-plates for many decades, due to the combined 
cheapness of the carbon steel substrate and the high corrosion resistance of 
the clad layer (e.g. stainless steel). When these products first became 
commercially available in the 1960s, there was an improvement in quality 
and range over previously available plates. Although stainless steel remains 
the most widely used cladding material, other more exotic materials such as 
titanium, zirconium and tantalum have found significant application. The 
size of clad can be considerable, up to 27 m2 in a single firing and individual 
tube-plates up to 450 mm thick and weighing over 50 tonnes have been clad [11]. 

For chemical process vessels it is necessary to form the clad plate into a 
cylindrical vessel. Forming of the plate is not a problem, and conventional 
processing can be used (with the temperature restrictions mentioned earlier). 
However, special procedures are required for the welding of clad plate 
involving a reactive metal, such as titanium. 

Electrical 
Aluminum, copper and steel are the most common metals used in high 
current-low voltage conductor sysems, and combinations are required to 
maximize the advantages of the specific properties of each material. Transition 
joints are therefore used which are machined from clad plate in aluminum-steel 
and aluminum-copper. These are subsequently introduced by conventional 
welding between like materials. This concept is routinely employed by the 
primary aluminum reduction industry in the fabrication of anode rods. The 
mechanical properties (shear, tensile, impact strength) of the aluminum -steel 
explosive weld exceed those of the parent pure aluminum. Similarly, 
copper-aluminum junctions are used as bus bars in the electrical industry. 

Power generation 
Considerable emphasis is placed on the reliability of power generation systems 
and subsystems. Where seawater is used for cooling there has been continuous 
upgrading of the materials used to construct the plants to resist corrosive 
attack. The most favorable material for resistance against such corrosion is 
titanium, and this is now being used, in clad form, in condenser tubing and 
in the tube sheet. 

Cylindrical cladding 
Much of the discussion so far has concentrated on the simple plate 
arrangement for explosive cladding. However, increasingly cladding is being 
carried out on tubular configurations, furthering the development of bimetallic 
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cylinders. The main application of duplex, bimetallic tubing lies in the field 
of heat exchangers and transport of chemicals, but marine components have 
also been required as in, for example, flange bore cladding of mild steel with 
cupronickel. Generally this process has been limited to short, large diameter 
cylinders which are more readily welded, followed where necessary by 
extrusion or drawing to meet the final dimension requirements. 

7.2.5 New developments 

Onward rolled clad plate 

The combined use of roll bonding and exlosive welding was mentioned earlier 
and in itself is not new. However, certain combinations of metal are difficult 
to onward roll where the clad layer is significantly stronger than the backing 
layer as in, for example, high nickel alloys to carbon steel. In these cases, the 
lower yield strength backer component tends to roll preferentially, causing 
extension ofthis layer and an associated inward curling ofthe composite clad. 

This combination of metals is seen to be important for flue gas desulphurization 
in power stations. The proposed solution [12] is to roll two explosively clad 
plates simultaneously with a separating agent between the two. Successful 
results have been achieved with this route, and an added advantage is that 
the nickel alloy is kept clear of the rolls so that contamination or deformation 
is minimized. 

Clad tube 

Cylindrical cladding, as described earlier, has been widely used to produce 
bimetallic tubing for the chemical industry. Another major application is in 
the oil and gas industry for the transportation of corrosive media. Here, it 
is important that longer tubes are available to make the process cost-effective. 
Considerable development is therefore being addressed in the production of 
ingots 3 m long, between a carbon steel and an inner corrosive alloy such as 
stainless steel or nickel alloy. Such ingots are then sectioned and drawn, 
making three 6 m lengths of clad tube [12]. The advantages of this approach 
include consistency and accuracy of the final tube dimensions when compared 
to a direct clad product, and the additional length of tube minimizes the not 
inconsiderable onward joining costs. Bond integrity can also be more uniform 
because of the elimination of end effects. 

Hybrid metal packages 

Many of the earlier applications refer to the explosive cladding process being 
applied to structural components of relatively large section. A recent 
innovation demonstrates the versatility of hermetic packaging within the 
electronics industry. 
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Hermetic metal packaging of electronic devices, particularly high power 

hybrids, usually involves brazing. This process can be prone to porosity and 
stress senstivity; stress sensitivity results from joining materials of different 
thermal expansion coefficients. The materials involved in electronic packaging 
include cold rolled steel, stainless steel, molybdenum, aluminum, copper, 
Glidcop (dispersion-hardened copper) and Kovar (iron -nickel-cobalt alloy). 
Kovar is a particularly popular material because its coefficient of thermal 
expansion is close to that of the ceramic substrates inside the package, and 
the glass seals used to insulate the package leads. 

The recent development involves the use of explosively bonded metal 
packages where Kovar or stainless steel is joined to a hard copper base. The 

Explosive cladding 
setup 

Explosive Kovar or 
energy stainless steel 

! 

/~t-~ -'-
~"' ___ -==~--:i ;c:::-"> 

/--------

t:_=-~~C 
Oxygen-free 

copper 

Explosively 
clad bar 

Showing multiple 
package CNC 

machining layout 

Seal ring 
attached by 

resistance welding 

Figure 7.S Typical explosive weld procedure for manufacture of an electronic hybrid 
package [13]. 

Figure 7.6 Explosively clad electronic hybrid package [14]. 
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whole is subsequently machined (by CNC) to produce the cavity within which 
the electronic substrates are mounted, Fig. 7.5 [13]. A typical completed 
package is shown in Fig. 7.6. The bonds produced by this technique provide 
a strong and hermetic seal, with the potential for high yields and reliability. 

A further interesting feature is the ability to bond to the new composite 
metal packages comprising aluminum reinforced with silicon carbide. These 
materials have been developed specifically for their low thermal expansion 
coefficient (close match to silicon) but pose problems when it comes to 
hermetic sealing because ofthe difficulty of welding or brazing them. Explosive 
cladding is essentially a cold welding process, so it enables these metal 
composites to be joined to metals such as stainless steel [14]. 

7.3 ROLL BONDING 

Hot roll bonding is said to account for more than 90% of the clad plate 
production worldwide [15]. Corrosion-resistant clad steel is being increasingly 
employed in the oil and gas industries because of the move towards more 
corrosive fields. The initial high cost of clad plate is more than offset by its 
ability to transport corrosive fluids, by the savings in the use of inhibitors 
and by reduced inspection and maintenance. 

A summary of clad product production methods from [15] is reproduced in 
Table 7.3. It can be seen that hot roll bonding is used for plate thicknesses 
of 6-200 mm, where the clad layer can be from 1.5 mm to 40% of the total 
thickness. Also, a significant advantage with hot rolling compared to other 
methods is the ability to produce tube lengths up to 14 m. 

7.3.1 Principle and mechanism 

The plate surfaces are prepared for bonding by mechanical abrasion or 
machining (grinding) followed by degreasing. The cleaned surfaces are then 
brought into contact and are heated and forced through sequential rollers 
to reduce the cross-sectional thickness and to encourage metallurgical 
bonding between the materials. The reduction in thickness leads to an 
expansion of the materials at the surface and the breakup of surface oxides. 
The superclean surfaces, brought into intimate contact, are bonded together 
by atomic diffusion across the interfaces (i.e. diffusion bonding). 

In practice, two clad plates can be rolled simultaneously, effectively forming 
a sandwich. The plates are assembled such that the corrosion-resistant layers 
are next to each other but are separated by a stop-off compound such as 
chromia or zirconia. This has the advantage of preventing contact of the 
alloy with the rolls, hence stopping contamination. An additional advantage 
is the reduction in distortion caused because the two dissimilar metals 
elongate at different rates. 'Sandwich' rolling compensates for this effect and 
leads to much flatter plate production. Prior to rolling the clad plates can 
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be welded together to prevent separation. Generally rolling takes place in 
air, but to prevent or minimize oxidation, an inert atmosphere such as argon 
may be used. 

7.3.2 Materials and metallurgy 

Typical alloys comercially clad to carbon steel are shown in Table 7.4. With 
certain of these combinations it is possible for brittle phases to be formed 
at the interface during roll bonding, due to the formation of intermetallics 
or complex carbides. This is usually prevented in production by plating the 
substrate with a layer of nickel or iron to act as a buffer. 

Because of the wide use of clad plate within the offshore industry, various 
standards have been developed to control the quality of the product: 

ASTM A 264 Specification for stainless chromium-nickel steel clad plate, 
sheet and strip 

ASTM A 265 Specification for nickel and nickel-base alloy clad steel plate 
ASTM A 578 Straight beam ultrasonic examination of plain and clad steel 

plates for special applications 

Plate rolling is normally followed by a heat treatment to restore the cladding 
to the solution-annealed condition and return the backing steel to its 
appropriate condition (e.g. quenched and tempered, normalized). Selection 
of a heat treatment to suit both cladding and backing materials can be 
problematic. Where low annealing temperatures are involved « 1000°C), 
simple heat treatments can be used; but as this temperature increases, to over 
1150°C, there can be problems with grain growth and loss of toughness in 
the backing steel. From the point of view of corrosion properties, Charles, 
Jobard and Catelin [16] have examined a series of corrosion tests on clad 
plate subjected to simulated heat treatments. For plates clad with both 
stainless steels (austenitic and duplex) and nickel alloys (625 and 825), 
satisfactory corrosion resistance was found with the conclusion that hot rolled 
plate provided a cost-effective option for use in oil and gas process industries. 

As well as the stainless steels and alloys referred to earlier, hot roll cladding 
is also applicable to other dissimilar combinations, including metals such as 
copper, titanium and zirconium. The use of the process will depend upon 
the forming properties of the materials and the formation of brittle compounds 
at joint interfaces. As indicated earlier, the formation of brittle compounds 
may be alleviated by the use of suitable buffer interlayers but with added 
cost in the more complex combinations (e.g. titanium to steel). 

Other materials which are conventionally roll bonded are aluminum and 
its alloys, to themselves or to other nonferrous metals. Solid phase bonding 
of aluminum alloys is difficult because of their inherently stable oxide, but 
the conditions of heat and deformation that prevail in hot roll bonding are 
sufficient to break up the surface oxides and allow sound bonds to be made. 
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Typical examples included Al to AI-Si alloy and aluminum alloys clad to 
zinc, copper and tin. 

7.3.3 Equipment 

There is no specialist equipment for roll bonding; it requires the exended use 
of conventional hot rolling machinery as used in primary metal fabrication 
plant. Therefore the main manufacturers of roll bonded plate are, for example, 
the steel producers and the aluminum sheet/plate producers. Sheet or plate 
is usually preheated and then passed through a series of heated rolls, each 
leading to some further reduction in plate thickness. When dissimilar metals 
are passed through the rolls, for bonding, additional care is necessary because 
of the differential deformation characteristics of the two metals. This problem 
is avoided in severe cases by the sandwich or simultaneous rolling mentioned 
earlier. 

7.3.4 Applications 

The main application of hot rolled plate is in the oil and gas or chemical 
processing industries, where typically a carbon or low alloy steel is clad with 
a corrosion-resistant alloy. The plate is often formed into pipe and longitudinally 
welded using submerged arc, TIG or MIG welding. It is important to ensure 
a sound root and provide a continuous corrosion-resistant layer at least as 
thick as the internal cladding. 

Another prime application is in heat exchangers, particularly aluminum 
plate/fin heat exchangers for industrial and aerospace use. These exchangers 
are manufactured from many alternate layers of aluminum plate and finned 
aluminum sheet, stacked and then dip or vacuum brazed. To ease assembly, 
the braze alloy is placed by roll bonding the required alloy (usually AI-Si 
base) to the 3003 aluminum plate. Such plates are required in small assemblies 
up to the very large exchangers which can measure 1.5 x 6 m. 

Similar bonded sheets but with zinc, copper or tin bonded to aluminum 
have been used for diffusion bonding studies and applications, where the 
cladding is used to aid the subsequent aluminum-aluminum bond. 

7.4 FRICTION SURFACING 

Friction energy has long been used as a means of providing the heat needed 
to weld a wide variety of materials. The method has today gained a prominent 
position worldwide as a commercial joining process in industries as diverse 
as aerospace, automotive and offshore oil exploration. 

The solid phase process of friction welding has been further modified to 
allow the deposition of surface layers onto a substrate. This method of metal 
transfer is now known as friction surfacing. Although this technology is 
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regarded as novel, the original concept was first reported in 1941 by Klopstock 
and Neelands [17]. Since that time and until the early 1980s there is little 
reference to the technique. However, the potential of the process has grown 
with the increasing interest in surface engineering, and publications on the 
process can be found on a worldwide basis. 

7.4.1 Principle and mechanism 

Friction surfacing is another solid phase cladding technique; it uses a 
combination of heat and deformation to clean surfaces and metallurgically 
bond metals together. In its simplest arrangement (Fig. 7.7) a rotating 
consumable bar is brought into contact, under a low load, with a stationary 
substrate. At initial contact, the rotating bar is preferentially heated to form 
a plasticized layer by the frictional motion. Once this plasticized zone has 
developed sufficiently (usually in 1-3 s), the substrate plate is traversed 
tangentially to the bar and the plasticized metal is transferred to the plate. 

Bonding occurs by the combination of self-cleaning between the two 
materials and the application of heat and pressure to encourage diffusion 
across the interface, thereby forming a solid phase metallurgical bond. The 
process relies on producing precisely the right temperature and shear 
conditions at the interface between the rotating bar and substrate via the 
plasticized layer. 

A typical deposit laid down by friction surfacing is shown in Fig. 7.8. In 
this particlar case, the deposit is of stainless steel onto low alloy steel. A fiat, 
uniformly rippled and oxidized surface finish can be clearly distinguished. 
Figure 7.9 is a photomicrograph through this deposit, which can be considered 
representative of most deposits made by this method. Closer examination 
indicates a small zone of lack of adhesion at the outer edges (cold laps) and 
the presence of a narrow, crescent-shaped heat affected zone (HAZ) in the 
substrate. 

Rotating 
consumable bar 

d 
Stationary plate 

Initial axial load 
creates plasticized 

layer 

Axial 
load ""'-~f-...., 

Stationary plate 

Axial 
load ""'---..--+--...,. 

Leading semicircular 
edge of the deposit 

Moving plate 

Figure 7.7 Schematic arrangement for friction surfacing. 
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Figure 7.8 Typical friction surface deposit: stainless steel on low alloy steel. 

Surfacing can also be made onto a circular substrate (i.e. shaft or tube) in 
which case a uniform HAZ can be formed and the small overlap zone 
(start/stop position) does not detrimentally affect the previously formed bond 
between the clad layer and substrate (Fig. 7.10). Detailed inspection of the 
friction surface deposit, under optimum surface conditions, shows some slight 
difference in appearance between the two side edges. With the forward 
movement of the substrate, the velocities from the angular rotation of the 
consumable and from the substrate are added together algebraically. They 
intensify each other on the advancing side of the rotating consumable and 
are subtracted from each other on the retreating side (Fig. 7.11). In some 
respects, a comparison can be made with a helicopter in motion, but under 
normal process conditions the contribution of the linear traverse is less than 
1 %. This would not be expected to lead to any significant asymmetry in 
heating or forming the plasticized layers. However, this lack of symmetry is 

Figure 7.9 Cross section through a friction surface deposit: stainless steel on low alloy steel. 
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Figure 7.10 Cross section of stainless steel clad onto a tubular component. 

always more noticeable at the lower rotational velocities, presumably because 
the relative velocity of the substrate is greater; moreover, with the lower 
rotational speed, an increased bulk of plasticized material is generated [18]. 

The deposition zone of the substrate receives a scouring action, the result 
of relative motion while under an axially applied load, via the plasticized 
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Figure 7.11 Deposition characteristics of friction surfacing. 
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layer. This scouring action is greater for the central portion of the deposition 
zone than the edges, which only experience a proportionally brief period of 
surface action from the outer consumable edge. This leads to the so-called 
cold lap; an additional factor is the unequal distribution of frictional energy 
at the free edge of the consumable because this edge is unable to transmit 
the same degree of pressure. 

Friction surfacing is regarded as an efficient process which relies on friction 
energy to produce the right temperature conditions precisely at the interface 
between deposit and substrate; this is produced by the mechanism of frictional 
contact, via the plasticized layer. The consumption of the rotating bar occurs 
because of an unequal temperature distribution between the comparatively 
small consumable bar and the bulk substrate. A relative increase in 
temperature occurs preferentially at the consumable interface, which then 
offers lower resistance to the shear mechanisms taking place in the consumable 
such that metal from the bar is transferred to the 'colder' substrate. Friction 
surfacing enhances this effect by providing a lateral motion which continually 
introduces new ambient temperature substrate to the rotating consumable bar. 

After the initial dynamic contact by a rigid consumable and after traverse 
has been initiated, the scouring action necessary to disperse the continuous 
intrusion of the substrate oxide barrier is continued, not by the contact face 
of the consumable, but by the plasticized layer produced from the consumable. 
While it is recognized that this plasticized layer has lower mechanical strength 
and correspondingly produces less of a scouring effect than during the initial 
contact phase (provided the axially applied force is maintained), it has been 
shown practically that the oxide dispersal will continue during processing 
and will result in sound bonds. 

The relative lateral movement between consumable and substrate exposes 
the continually generated semicircular leading edge of the deposit to the 
atmosphere. This may introduce oxides into the deposit (Fig. 7.7) and these 
may influence the quality of the deposit, especially for the more reactive 
materials (e.g. titanium), which may require the use of a suitable gas shield. 
Dispersal of the existing oxide into the deposit is unlikely to be modified to 
any great extent by process conditons. Nevertheless, sound deposits of good 
mechanical strength and adhesion are produced. 

7.4.2 Materials and metallurgy 

Compared to explosive cladding and roll bonding, friction surfacing is a 
relatively recent commercial process and therefore fewer material combinations 
have been examined, although the process does have potential to weld many 
dissimilar combinations. With the standard process of friction surfacing, the 
limitations on materials include availability of bar stock - now less of a 
limitation (see later) - and the consumable must generally have a lower 
melting point and must not be excessively harder than the substrate. The 
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melting point and hardness resrictions are to prevent melting of the substrate 
or drilling into the substrate rather than surfacing onto it. Metallurgical 
compatibility may also be a factor, primarily to avoid combinations forming 
excessively brittle intermetallic phases. However, the intermixing between the 
two materials is minimal, occurring over only a few microns or tens of 
microns, so the process is much more forgiving than any of the fusion 
technologies. The materials which have been examined in greatest detail are 
described below. 

Mild steel to mild steel 

The earliest trials covered mild steel to mild steel because of the ease of 
welding and the metallurgical simplicity when evaluating a new process. 
These preliminary tests quickly demonstrated the viability offriction surfacing 
and provided guidelines to the welding variables required to lay down high 
integrity deposits of nominally 2 mm thickness at deposition rates approaching 
4.5 kg/h. It was determined that deposition was tolerant to a relatively wide 
change in variables, e.g. speed variation from 900 to 1500 rpm; friction 
surfacing forces from 28 to 45 kN; and substrate traverse rates of 3-7 mm/s. 

Mild steel deposited on 1.5 Ni-l Cr-0.25 Mo low alloy steel 

Using welding variables identical to those developed for mild steel to mild 
steel has resulted in sound deposits for mild steel deposited on 1.5 Ni-1 Cr-
0.25 Mo low alloy steel; good interface adhesion was proved by longitudinal 
bend testing. Despite deposition onto a hardened alloy steel, the substrate 
shows no signs of cracking and the substrate microstructure is transformed 
to martensite. The latter raises Vickers hardnesses in the martensite region 
in excess of 550. Therefore, no preheat of the low alloy steel substrate is 
required, even with a carbon content of 0.4%. In direct contrast, preheat 
would most certainly be needed to prevent cracking if the more conventional 
fusion cladding processes were to be used with this substrate. 

Austenitic stainless steel deposited on mild steel 

Mild steel is readily surfaced with austenitic stainless steel, even though the 
stainless steel has higher hot-strength characteristics. However, the rotational 
speed of the consumable can considerably influence the deposition characteristics. 
At high speeds (2190 rpm), the deposit layer is reduced in thickness and 
exhibits a partly glazed surface; this, together with lower friction loads, will 
produce a narrowing of the deposit width. At much lower rotational speeds 
(330 rpm), a marked increase in deposit thickness is seen but is accompanied 
by a reduction in effective bond width. Optimum surfacing conditions are 
found at 550 rpm rotational speed, 50 kN force and 5 mm/s traverse speed, 
giving a deposit thickness of 1.3 mm, for a consumable diameter of 25 mm. 



174 Solid phase cladding 

Traverse and longitudinal sections through the clad layer formed under 
these conditions have confirmed sound, basic adhesion with virtually no 
penetration of the deposit into the substrate. Close examination of the bond 
interface has shown the presence of a 10 11m deep decarburized zone of ferrite 
in the HAZ of the substrate. Energy dispersive X-ray analysis has confirmed 
low dilution of the process within 20llm of the stainless steel interface 
(measuring Cr levels). 

Through-thickness tensile tests on such deposits have shown strengths of 
570 N/mm2 with failure typically occurring in the mild steel parent metal 
away from the interface and HAZ. Bend testing by longitudinal and side
unrestrained bend tests has shown good bond integrity - 180 0 bonds are 
achieved with no visible cracks. 

Austenitic stainless steel deposited on austenitic stainless steel 

Austenitic stainless steel is also readily surfaced with austenitic stainless steel. 
It has been found necessary to reduce the traverse rate to 4mm/s to achieve 
a sound deposit of 1.5 mm thickness without changing the machine settings 
from those optimized for the stainless steel-mild steel combinations (described 
above). 

Simple longitudinal and side bend tests to angles of aproximately 180 0 

have demonstrated the integrity of the deposit, and through-thickness tensile 
tests have given strengths of 540 N/mm2 with failure away from the deposit 
interface. 

Transverse sections have again shown the typical cold laps at the outer 
edges of the deposit, however, the clad layer is free from flaws at the bond 
line and a fine-grained, hot-worked microstructure with no voids is obtained. 

Nickel alloy 625 deposited on mild steel 

The primary change in welding conditions to achieve satisfactory deposition 
for nickel alloy 625 deposited on mild steel involves a reduction in the relative 
rubbing velocity. This can be obtained by reducing the rotation speed (to 
410rpm for a consumable diameter of 20mm). Deposits laid down under 
these conditions have been shown to be capable of withstanding tensile 
stresses of approximaely 460 N/mm2 without failure at the clad interface. A 
side bend test can produce a 170 0 bend, but a transverse bend test can 
produce cracking in the deposited alloy 625, although it remains well adhered 
to each side of the substrate. 

Metallurgically, this metal combination again shows the low dilution 
typical of friction surfaced deposits. Both nickel and iron line scans across 
the interface, made using energy dispersive X-ray analysis, have revealed a 
very sharp transition (within 111m) across the interface (Fig. 7.12). With 
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Figure 7.12 Cross section of a friction surface deposit of nickel alloy 625 on mild 
steel showing abrupt transition across interface by nickel and iron element scans. 

virtually no iron dilution, it is not unreasonable to assume that the corrosion 
characterisics of the alloy 625 would be unimpaired, even with a relatively 
thin clad layer of 1.30mm. Hardness measurements have revealed some small 
hardening of the alloy 625 layer, whereas the HAZ of the substrate is softened 
compared to the original cold drawn base metal plate. 

Hastelloy (CW-12M-l) deposited on stainless steel 

Hastelloy is a typical hardfacing deposit on stainless steel, where a uniform 
microstructure and low dilution are required. With friction surfacing, a low 
rotational speed has proved necessary to provide an acceptable visual 
appearance and usable deposit thickness. For a consumable diameter of 
20 mm, a rotational speed of 330 rpm, a force of 56 kN and a transverse speed 
of 4 mmls has produced coatings with acceptable characteristics. 

Mechanical test results have proved acceptable, although longitudinal side 
bend tests result in small cracks in the clad layer. This is not unusual in the 
hard layer, but importantly there is no evidence that cracks propagate into 
the substrate under these static test conditions. 
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Vickers hardness of the as-deposited Hastelloy increased to greater than 
420 when compared to the original consumable of 207. Dilution was limited 
to 1-10 11m from the Hastelloy to the stainless steel. 

Stellite grade 6 deposited on stainless steel 

Trials with Stellite grade 6 on stainless steel have again shown the need for 
relatively low surface velocities (rotational speeds) for the higher hot-strength 
materials (in this case, a cobalt-based hardfacing alloy). At conditions of 
330 rpm rotation speed, 39 kN force and 5 mm/s transverse speed, deposits 
are made with an average thickness of 0.7 mm from a 20 mm diameter 
consumable. Similar to the Hastelloy deposit, bend tests result in a series of 
cracks in the Stellite deposit because of its inherent lack of ductility. However, 
these again do not extend into the stainless steel (under static testing) and 
the separated sections of the deposit remain firmly attached to the substrate. 
The adhesion of the deposit is confirmed by through-thickness tensile testing, 
which has given strengths of 620 N/mm2 with failure in the base metal substrate. 

As with the previous Hastelloy deposit, significant Vickers hardness 
increases in the as-deposited Stellite were achieved at around 580, compared 
to the undeposited consumable hardness level of 403. 

Aluminum alloy deposited on aluminum alloy (2014A) - AI-4 Cu alloy 

Aluminum is readily deposited, but with parameters quite different than those 
used for the above combinations. Higher rotational speeds are used, typically 
600-900 rpm for a 25 mm consumable bar. 

Aluminum is deposited at somewhat greater thicknesses than for the higher 
hot-strength materials, and typical deposits can be approximately 3.0 mm 
thick. Through-thickness tensile testing shows good adhesion (237 N/mm2 
strength) but failure can occur through cohesion in the aluminum deposit. 
Transverse macro sections taken from typical aluminum deposits have 
revealed the typical shallow crescent-shaped HAZ and the usual presence of 
cold laps at the outer edges of the deposit. The remaining region of the 
deposit is metallurgically sound. Because a heat treatable copper was 
deposited in this example, in its hardened state, there occurred some softening 
of the deposit and the HAZ of the substrate. This was to Vickers hardness 
77 compared to 116 for the deposit, and 111 compared to 128 for the substrate. 

Widely dissimilar combinations 

Surfacing of such widely dissimilar combinations as aluminum or titanium 
onto a steel substrate is not readily achieved and this is believed to be due 
to a combination of factors, including efficiency of cleaning, dissimilar melting 
points and incompatibility (e.g. brittle intermetallics). Similarly, surfacing of 
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hard materials such as steel, onto soft substrates, such as aluminum, is unlikely 
to be successful because the soft material will deform preferentially. 

7.4.3 Equipment 

Initial friction surfacing trials were undertaken on conventional friction 
welding equipment, to which a traverse stage was added to provide the lateral 
movement between the rotating rod and substrate. As the process has 
developed, it has been shown that conventional machine tools (e.g. milling 
machines) can be converted to friction surfacing machines. The main elements 
are a rotating head (for consumable), a direct drive through which the force 
is applied and an X-Y table or rotating chuck for movement of the substrate 
(either plate or shaft). 

For larger-scale production use, specialized equipment may need to be 
manufactured to provide, for example, continuous consumable feed or 
concurrent machining to dress the deposited layer. Friction surfacing is 
therefore available as a manufacturing process for use in-house, or as 
subcontract through specialist (and presently limited) service suppliers. 

7.4.4 Applications 

The potential applications for friction surfacing are seen to lie primarily in 
the cladding of localized areas. Typical examples include the anticorrosion 
surfacing of slide valve plates; the surfacing of the annular contact face of 
composite pipe flanges; the inlay cladding of strategic materials positioned 
to suit bearings and seal contact areas on shafts; and the cladding of the 
exposed regions of shafts that see service in arduous environments. Other 
applications are reviewed below. 

Cutting edges 

Bedford [19] has proposed friction surfacing as an option for manufacturing 
long-life cutting edges on knives, scissors and similar tools. They may be 
used for cutting paper and wood as well as plastics. Practical difficulties 
occur where it is difficult to quantify at which point existing tools lose their 
cutting edge. This may be where the paper is no longer cut cleanly, or the 
surface of wood is degraded. Any requirement to change or redress tools can 
lead to a downtime for production equipment and consequent loss of 
production. Work on the friction surfacing of specific tool steels to carbon 
steel substrates has shown that blades can be successfully produced with 
good cutting characteristics that offer an alternative to conventional carbide 
cutting tips. 
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Reclamation 

A major drive to the increasing interest in surface engineering is to avoid or 
reduce the problems of worn components. But worn components still occur 
and often they need to be repaired by building up material to match the 
original. Tyayer [20] has examined friction surfacing for repairing worn 
shafts and has concluded that good quality deposits can be achieved. 

Shell banding 

The defence industry requires a layer of soft material towards the base of 
artillery shells. Known as a driving band, it improves the shell's rifting 
characteristics to provide smoothness and accuracy at firing. Typically the 
soft material is a gilding metal (copper-based alloy) or soft iron and it needs 
to be deposited onto steel. Alternative friction welding technologies have 
been examined for this application (e.g. radial friction welding), but they are 
limited because they require specialized and expensive equipment. Nicholas 
and Thomas [18] have proposed friction surfacing as a lower cost option, 
and early work has shown that excellent bond integrity can be achieved. The 
friction-surfaced driving band must withstand the propellant thrust and any 
forces experienced while cutting through the rifting of the gun barrel. The 
band must also react to torque insofar as the rifting imparts spin to the shell. 
Early trials with this technique have shown promising results. 

7.4.5 New developments 

Metal matrix composite deposition 

Metal matrix composites (MMCs) offer considerable potential as high 
temperature or wear-resistant materials, and they are finding increasing 
application in the automotive, aerospace and electronics industries. Not only 
important as bulk materials, they offer significant advantages if deposited at 
strategic locations on a surface to provide specific properties where they are 
most needed. Friction surfacing of consumable bars of MMC is readily 
accomplished and does not differ from conventional friction surfacing. 
However, it is not always possible to find the required composite in an 
appropriate form. In this case, it is possible and potentially economic, to 
manufacture and deposit the composite in one operation. 

The first application ofthis technique is described by Thomas and Nicholas 
[21]. The process uses a solid but hollow consumable made from the eventual 
matrix material. The hollow area is filled with appropriate ceramic powders. 
During the surfacing process, these powders become widely dispersed within 
the plasticized metal zone, ultimately providing a deposit of MMC. Alloy 
steel containing zirconia or alumina, and aluminum reinforced with alumina 
have been manufactured by such a technique. Although still under development, 
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it is believed that volume fractions of ceramic reinforcement can be obtained 
up to 25-30%. 

More recently, this work has been extended to include the manufacture 
of MMCs by starting only with powders (i.e. both matrix and reinforcement). 
The powder is premixed, or previously alloyed, and is contained within a 
metal or alloy tube sealed at one end with a plug and at the other with a 
bar held in the chuck of the surfacing machine (Fig. 7.13). Initial trials on 
this process [22] involved 304L austenitic stainless steel powder, on its own 
and mixed with chromium boride. It was shown in this work that the 
maximum volume fraction of chromium boride was 10% and of particular 
interest was the finding that the containment tube was not deposited, but 
softened and extruded to form an external flash. 

Further studies used an MMC powder of aluminum with approximately 
50% volume fraction of silicon carbide (approximate particle size 35 ~m). 

22mm - -

I 
ISmm 

, 1 

, 

160mm 

2SOmm 

Figure 7.13 Configuration used to manufacture in situ metal matrix composite 
deposits during friction surfacing (not to scale). 
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This powder was used as supplied and diluted with additional aluminum 
alloy to give approximate silicon carbide proportions of 25, 30, 40 and 50%. 
The deposits were sound and the're was no adverse reaction between the 
matrix and composite (Fig. 7.14). Further development is intended to improve 
the surface appearance and to examine deposition into grooves for better 
edge adhesion. 

Applications of this process are expected in the deposition of long-life 
cutting edges and surfaces, and the deposition of wear-resistant inserts in 
engineering components such as pistons. It has the potential to be adapted 
to deposit a wide range of materials, including mixtures not readily deposited 
by other means. 

In-process forging or forming 

It has proved possible to reduce machining, and save a significantly greater 
proportion of the deposited material during the manufacture of blades and 
knives, if the deposit is suitably shaped as it is being laid. Figure 7.15 shows 
a shallow chamfer machined on the cutting side of a grooved substrate. The 
profile of the groove helps to form the deposit material to a shape similar 
to that required by the cutting edge. The outer edge of the substrate in this 
case can be replaced by a secondary material which can be sacrificial, 

Figure 7.14 Microstructure of an aluminum-silicon carbide deposit produced by 
friction surfacing from powder material (50% SiC). 
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Figure 7.15 Friction surfacing into a shaped recess. The deposit is shaped using a 
shaped substrate or a support. Shaped deposits reduce machining and save on hard 
facing materials. 

disposable, or reusable. Preferably the support material, such as molybdenum 
or Monel, is not metallurgically bonded to the deposit and is therefore reusable. 

In yet another arrangement, a secondary mould is provided such that, 
during friction surfacing deposition, the substrate is made to deform and 
bend into the mould to produce a grooved substrate (Fig. 7.16). Friction 
surfacing with in-process forging or forming improves the bond quality at 
the edges of the deposit. And it becomes more economic to manufacture 
blades and industrial knives because the substrate itself does not require 
premachining. 

Friction surfacing with angled substrate 

A substrate may also be traversed across a rotating consumable bar using 
an angled support as shown in Fig. 7.17. The applied load is a function of 
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Figure 7.16 Friction surfacing with in-process forging/forming: (a) before deposition 
and (b) after deposition. 
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Figure 7.17 Schematic arrangement for friction surfacing with an angular feed substrate. 

the rate of advance. The use of an angled substrate is therefore considered 
an advantage in that the relative advancement between the consumable and 
substrate is predictably maintained. The optimum condition for surfacing is 
thus directly controlled by the geometry instead of the applied surfacing 
conditions. 

An angled substrate eliminates the need for a consumable feed system and 
is particularly suitable for a straight or nominally flat plate, or plates with 
a grooved recess. Relatively thin substrates may be preset in order to reduce 
distortion caused by deposition of the surface layer. 

Friction coextrusion cladding 

Friction coextrusion is a solid phase cladding technique, whereby one 
material, under a radially compressive load, forms a sheath of nominally 
uniform thickness around another core material. Figure 7.18 shows the basic 
principle of the process, in which a composite consumable bar is subjected 
to relative rotational movement while being pressed against a die, so that it 
becomes extruded through the die orifice. Friction extrusion takes place at 
temperatures below the melting point of the outer (sheath) and inner (core) 
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Figure 7.18 Schematic arrangement for friction extrusion cladding. 
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of the composite bar. Usually the core remains virtually unchanged and does 
not form part of the frictional shear face or plasticized zone. 

The core may serve to structurally strengthen low strength material or the 
outer material may serve to protect the inner material from corrosion. Figure 
7.19 shows a mild steel rod clad with aluminum alloy. Small diameter, 
multicore extrusions can also be produced, with the layers symmetrically 
distributed about the center. 

A feature of friction coextrusion cladding is that the sheath material is 
extruded at a different rate than the core material. The axial differential in 
feed rate between the sheath and core materials assists in the rupture of oxide 
layers, which provides for good bond integrity. 

7.5 RESISTANCE CLADDING 

Resistance welding has been a well-established process for many years, used 
primarily in the automotive industry for spot welding of sheet metal 
components. It is a well-controlled process with scope for automation and, 
as such, provides an additional alternative for cladding operations. As with 
friction surfacing, resistance cladding is relatively new and offers greatest 
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Figure 7.19 A small roller component produced by friction coextrusion cladding 
aluminum on mild steel. 

potential for localized, discrete cladding, particularly for material combinations 
which are difficult to fusion weld. 

7.5.1 Principle and mechanism 

Resistance welding processes rely on the application of an applied forging 
pressure and heat generated by the passage of an electric current through 
the work pieces via contact electrodes. The electrodes and component 
geometry are designed to concentrate heat at the interface using increased 
interfacial resistance. 
Resistance cladding is affected by the use of resistance seam welding, whereby 

electrodes take the form of wheels or rollers which traverse the plates to be 
welded (Fig. 7.20). The wheels are pulsed intermittently with current to 
produce a series of overlapping or discrete spots. Current pulsing may be 
carried out with the electrode wheels, either stationary or rotating, and the 
spot overlap would normally be 25-50%. Resistance seam welding is mainly 
restricted to the deposition of coatings onto flat plates. Flat bottomed 
electrodes can be used to discretely clad the end of a bar or tube. 

The principal advantages of resistance cladding are its relatively low cost 
and its well-proven technology capable of producing joints quickly and 
reliably. Its disadvantages include a lack of flexibility in joint design, some 
deformation (approximately 10%), electrode contamination and wear and 
limited materials applicability. 
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Figure 7.20 Schematic arrangement for resistance cladding. 

7.5.2 Materials and weldability 

Resistance welding is more traditionally used for joining like materials, and 
most welds have been made in sheet steel (spot welding), but the process is 
also applicable to aluminum alloys, nickel alloys and copper alloys. 

When welding, the amount of heat generated depends primarily upon the 
welding current used and the resistance of the work. The resistance usually 
consists of: 

(1) The surface resistance between the two pieces to be welded 
(2) The specific resistance of the pieces 
(3) The resistance between the electrodes and the work surface 

When similar materials are spot welded, then the highest resistance is between 
the interfaces of the two sheets, provided the correct welding conditions are 
used. When welding dissimilar metals, the maximum resistance may not exist 
at the interface; instead it may be located within one of the metals if it has 
a higher specific resistance than the other metal. Nevertheless, a range of 
dissimilar combinations can be welded with suitable selection of welding 
conditions. Examples of successful dissimilar combinations are stainless steel 
to mild steel and Inconel to stainless steel and mild steel. 

7.5.3 Equipment 

Resistance welding/cladding equipment is commercially available; usually 
there is a means to supply electrical power and a means to apply mechanical 
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force through a suitable electrode arrangement. Standard electrodes will be 
available for traditional welding and some cladding, but specialized electrodes 
may be required, depending on the materials and geometries being joined. 

In recent years, most equipment development has concentrated on power 
supplies and monitoring. The power supplies provide and control the welding 
current in either AC or DC modes. The choice of power supply is largely 
governed by the rate of heat input required for the weld and the degree of 
control called for. AC is normally used where a relatively slow heat input is 
demanded; a constant voltage DC often contains facilities to control or ramp 
the rise and decay of the welding current. As the thickness of the materials 
to be joined increases, more complex current waveforms may be required to 
impart the required heat input to the weld. 

Welding currents range from a few hundred to several thousand amps, 
depending on the application; typical values are given by 

1= 7000t 

where t is the thickness in millimeters and I is the welding current in amps. 
Welding times can be very short; single pulses are often on the order of 

tenths of a second; overall times depend on the number of cycles and the 
traversing rates required for cladding. The pressure applied through the 
electrodes ensures intimate interfacial contact, supresses molten metal expulsion 
and consolidates the weld. Typical pressures are around 70 Njmm 2 • 

7.5.4 Applications 

Applications for resistance cladding are limited at present as the capabilities 
of the process are still being established. However, a number of friction 
surfacing applications could equally be achieved by a resistance approach. 
The choice may then come down to equipment costs, equipment availability 
and production rates. One example is an industrial blade, resistance clad 
into a preshaped tool (Fig. 7.21). 

7.6 HOT ISOSTATIC PRESSING 

Hot isostatic pressing (HIP), a variant of diffusion bonding, is capable of 
joining materials in the solid state with minimal deformation. HIP is a 
well-established commercial process, particularly for consolidating castings, 
where it has been used for over 25 years. Its high temperatures and pressures 
close and seal any internal porosity. Although casting consolidation probably 
remains the largest industrial application of HIP, the consolidation of 
powders (for powder metallurgy materials) and diffusion bonding are two 
growing areas. 

Large production applications are possible with HIP but the need for 
specialist and expensive equipment has initially restricted its application to 
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Figure 7.21 Industrial blade with resistance strip cladding. 

the aerospace and nuclear industries. Larger commercial furnaces that are 
now available could allow further exploitation of the process into more cost
sensitive general engineering applications. 

7.6.1 Principle and mechanism 

Diffusion bonding involves the holding of premachined parts under load at 
elevated temperatures and in a protective atmosphere. In the uniaxial mode, 
loads are relatively low (5-10 MPa) sufficient to cause microdeformation at 
surface asperites but not so large as to deform the components macroscopically. 
HIP pressures can be higher, up to 100-150 MPa. Temperatures are typically 
0.5-0.8 Tm (where Tm = melting point in kelvins). Times at temperature can 
be 30 min or greater; the overall cycle time is generally quite long, depending 
on the load in the furnace. Most HIP operations are carried out in 
atmospheres of high purity argon. 

The bonding mechanism is one of microscopic yielding and atomic 
diffusion. When the two essentially 'flat' surfaces are brought together, there 
is contact at microasperites. Figure 7.22 shows the voids present at the 
interface and indicates a surface layer of oxides or containment which can 
inhibit bonding. As the bonding temperature and pressure are increased, 
surface yielding helps to break up the surface oxides and reduces the void 
area so that intimate contact is achieved. Bond development then continues 
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Figure 7.22 The mechanism of diffusion bonding. (a) Initial point contact and 
containment layer. (b) Some point yielding and creep produces a thinner oxide layer 
with large voids. (c) Final yielding and creep causes voids to remain within a very 
thin oxide layer. (d) Continued vacancy diffusion eliminates the oxide layer and leaves 
few small voids. (e) Bonding is complete. 

by diffusion-controlled mechanisms, including grain boundary diffusion and 
power law creep. 

In uniaxial diffusion bonding, surface finishes of better than Ra = 0.4 ~m 
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have been recommended. However, the higher temperatures and pressures 
of HIPping allow rougher surfaces to be bonded, possibly up to Ra = 1-2 J.1m. 

One unique feature of HIPping for cladding is the need to encapsulate the 
parts to prevent ingress of the gas medium along the bond interface. Gas 
ingress would prevent the pressurization medium being applied across the 
interface. The encapsulation traditionally involves canning in a metal 
enclosure which is subsequently sealed (by TIG welding) and evacuated. 
Alternatively a glass sealing route can be used. If the metal components 
allow, the interfaces can be directly sealed by a welding technique; electron 
beam welding offers greatest cleanliness and therefore greatest success because 
it takes place within a vacuum. 

7.6.2 Materials and metallurgy 

Diffusion bonding (hot isostatic pressing) of similar materials leaves a joint 
which is generally not discernible by microscopic examination; this is because 
of grain growth across the interface. However, dissimilar metal joints are 
generally characterized by a sharp transition zone which may include a 
reaction layer dependent on the compatibility of the two materials. 

A wide range of materials can be bonded by this route, including alloys 
with different melting points, densities and other physical properties. The 
limitations come from the compatibility of the materials being joined (that 
is, do they form undesirable brittle zones) and their respective thermal 
expansion coefficients. Solutions to these and similar problems may lie in 
joint design and the use of appropriate compliant or diffusion barrier 
interlayers. Figure 7.2, explosive welding combinations, also provides a 
general guide to combinations for HIP and diffusion bonding. A greater 
range is likely by HIP cladding, but combinations such as titanium to alloy 
steels and stainless steels will be more problematic because of intermetallic 
formation. In this specific case, joints are formed with diffusion interlayers; 
an example is the use of vanadium, copper and nickel [23]. 

The bonding offerrous alloys has been well demonstrated; examples include 
high speed steels to carbon steels and pure iron to a range of carbon steels 
[24]. Taylor and Pollard [24] observed a narow diffusion zone across the 
interface, approximately 1 mm wide. These materials were uniaxially bonded 
but similar results would be expected by hot isostatic pressing. 

Lopez et al. [25] have evaluated the HIPping of Inconel 625 to a low 
alloy steel. Although the materials can be bonded, once again, a decarburized 
zone is formed in the steel side of the joints. This is accompanied by a region 
of carbide precipitation in the nickel alloy. Elemental analysis of the joints 
has proved the diffusion of Cr and Ni into the alloy steel with a diffusion 
zone of 10-20 J.1m, depending on the bonding temperature. 

In other work, the HIP bonding of a strain-hardening manganese steel to 
a low alloy steel has been examined [26]. This combination has a thermal 
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mismatch; the manganese steel has a higher thermal coefficient of expansion 
than the low alloy steel. Direct bonding can therefore lead to cracking during 
cooling. This is solved by the introduction of a nickel interlayer to absorb 
thermal strains. The experimental work on 30 mm diameter components 
demonstrated the need for an interlayer at least 130 ~m thick to provide 
crack-free joints. 

In contrast to the other cladding processes described in this chapter, HIP 
cladding is one technique capable of bonding nonmetals onto metals. 
Nonmetal clad dings, such as ceramics, can open up greater opportunities for 
wear and/or corrosion resistance. Specific difficulties arise from thermal 
expansion mismatch, but they can be accommodated by using appropriate 
metal interlayers or, more recently, by using functionally graded interlayers. 
Functionally graded interlayers have a ceramic or near-ceramic composition 
at one surface that grades into a metallic composition at the other surface. 
They can be manufactured by HIPping (powder consolidation) or by spraying. 

7.6.3 Equipment 

Hot isostatic pressing furnaces are high capital cost plant but they can be 
analogous to heat treatment and brazing furnaces, where larger-scale batch 
production justifies investment. An alternative access may be through an 
HIP subcontractor. 

The furnaces themselves comprise a pressure vessel to withstand the 
operating pressures of up to nominally 150 MPa and a heating element of, 
for example, carbon or molybdenum to provide the temperature. Gas 
consumption is minimized by recycling. The furnaces are generally 
microprocessor controlled to give the required heating and cooling rates. 

Because the furnaces operate at relatively high pressures, certain safety 
precautions have to be taken (for example, containment in a secure area or 
gas sensors to check for leaks). However, such furnaces are operated in 
commercial environments and are used, for example, in the aerospace 
industries for consolidation of castings and diffusion bonding. 

Small-scale equipment is available for laboratory work, which may have 
a working hot zone of 50-75 mm diameter by 100mm long. At the other 
end of the scale, mega-HIP furnaces are established which have a working 
zone of 1.15 m diameter by 2.2 m height [27]. 

7.6.4 Applications 

Despite the availability oflarge HIP furnaces, it is expected that most cladding 
applications will rest with the surfacing of relatively small discrete components 
which can be processed in batches. 

No widespread use of HIP cladding has been reported so far, but its 
capabilities have been shown by Walker et ai. [27]. In one example, a valve 
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Figure 7.23 Half section of an alloy steel valve component clad on all internal surfaces 
with IN625 bar tube and consolidated powder [27]. 

has its internal surfaces clad with Inconel 625 by hot isostatic pressing (Fig. 
7.23). The larger bore is clad by placing an Inconel tube inside the bore, with 
a close fit to the valve body. The smaller bore is clad using a powder starting 
material which is packed inside the bore. All exposed interfaces are sealed 
to allow isostatic pressing. Within the process, the Inconel tube is bonded 
to the inside of the valve and the powder is consolidated and bonded 
simultaneously. After HIPping, the assembly is machined to bore out the 
smaller bore and to remove all packaging or sealing. 

A similar application has been pursued by McLeish [28] to deposit a 
hardfacing alloy onto the inside of small bore valves (Fig. 7.24). In this case, 
there is a serious constraint on access which limits alternative cladding 
processes. Nickel and cobalt hardfacing alloys have been successfully clad 
onto the stainless steel valve. 

7.7 SUMMARY 

A diverse range of processes are available for depositing thick claddings, 
based on a range of welding/bonding techniques. Some, such as explosive 
cladding and roll bonding, are well established, whereas others are still in 
development and are opening up new opportunities for localized cladding, 
sometimes of new and unusual materials. The difficulty for the user is always 
the choice of process. Wider even than this chapter, it may extend to sprayed 
and welded coatings. The answer is rarely simple; it will depend on many 
technical and commercial requirements. The choice may not be restricted to 
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Figure 7.24 Modified design for HIP bonding of 15 mm stop valve [28]. 

those coatings described in this chapter but may extend to sprayed and 
welded coatings. 

Explosive cladding and roll bonding are particularly relevant to large plate 
or pipe, from which can be machined smaller items (for example, titanium 
or aluminum to steel transition pieces). More localized claddings, where the 
environments are particularly arduous and/or thicker coatings are required 
(0.03 mm) open up other possibilities, particularly friction surfaced and 
HIPped claddings. 

The future is likely to see more applications develop in these newer 
processes because of their versatility and their applicability to a wide range 
of materials. Another area being studied at present is the development of 
appropriate control or inspection methods to provide for greater reliability. 
Such methods will include in-process monitoring as well as postinspection 
such as ultrasonics or thermography. 
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Thermal barrier coatings 
R.L. Jones 

8.1 INTRODUCTION 

The fundamental driving force for the development ofthermal barrier coatings 
has been the continuing quest for ever higher temperatures in gas turbines. 
Over the period 1940-1970, the temperature capability of superalloys for 
gas turbine blades, which is defined in terms of 100 h life at 20000 psi 
(138 MPa) stress, was increased from approximately 1400 of (760°C) to 
1900 of (1040 0c) [1]. This was a costly process which required the development 
of numerous generations of new superalloys. It was a necessary and successful 
step, however, in producing the highly reliable and efficient gas turbine engines 
that we know today. Between 1940 and 1970, higher temperature superalloys, 
along with improved engine design, allowed specific fuel consumption to be 
reduced by more than half, thrust-to-weight ratios to be tripled, and time 
between overhaul to be increased from less than 100 h to over 12000 h [1]. 
A recent review of the effect of materials on current and future gas turbine 
performance has been given by Kool [2]. 

Boosting temperatures in gas turbines has become difficult in recent years 
because conventional cobalt- and nickel-based superalloys have been developed 
to very near their maximum temperature capability (which is ultimately 
limited by incipient melting). Advances in engine efficiency since the 1970s 
have been achieved primarily by air cooling wherein air from the compressor 
section of the engine is pumped through air cooling passageways cast into 
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the blade and vane airfoils. The science of air cooling is well developed, and 
high performance engines now operate for thousands of hours at gas 
temperatures that may be 200-300 of (90-150 0c) higher than the incipient 
melting point of the airfoil superalloy. Another modern approach to 
improvement of the high temperature capability of superalloys has been by 
directional solidification (DS) and single-crystal casting of airfoils. In these 
procedures, the casting mold is cooled in such a way, using chill plates, 
oriented seed crystals or other methods of crystal growth selection, so that 
the molten superalloy solidifies with the crystal grains all oriented parallel 
to the longitudinal axis of the airfoil, or with the airfoil as a single crystal 
[3]. This eliminates grain boundaries perpendicular to the direction of stress, 
and in some cases allows grain boundary strengtheners to be omitted, which 
improves the high temperature capability (and often oxidation resistance) of 
the superalloy. 

But these approaches are not without penalty. Cooling the airfoils with 
compressor air increases the complexity and cost of the engine, and energy 
is required to compress and pump air through the cooling system. Also, 
modern air-cooled blades and vanes, which involve superalloys having 12-15 
critical alloying elements, exotic vacuum casting techniques, intricate cast-in 
air cooling passageways and sometimes specialized DS and single-crystal 
solidification schemes, have become increasingly difficult and expensive to 
manufacture. This is reflected in higher component prices, with first stage 
vanes for some engines now having a new cost of as much as $lOOOO each. 

A third means to increase engine temperature capability, which in fact has 
been proposed for many years, is to apply a thin coating of a heat-insulating 
ceramic on the airfoil surface. This idea was principally brought to the front, 
at least in the United States, by NASA and Air Force research in the late 
1950s and early 1960s on thermal control coatings for space vehicles and 
rocket engines. The engine in the NASA X-I5 aircraft was described, for 
example, as being protected by 'a thermal insulating, lO-mil-thick coating of 
stabilized zirconia ... over a 5-mil-thick nichrome undercoat' [4]. This 
composition and structure is, interestingly, not all that different from the 
thermal insulating coatings, now called thermal barrier coatings (TBCs), used 
in present-day gas turbine engines. 

From this beginning, NASA has taken a leading role in TBC research and 
development, and continues today as a major contributor in the advance
ment of aviation engine TBCs. NASA also acts as the technical monitor for 
Department of Energy (DOE) programs in TBC technology for industrial 
and ground transportation engines. Many aspects of the history of NASA's 
involvement and accomplishments in thermal barrier coating development 
have been recounted in articles by R. Miller of the NASA Lewis Research 
Center [5,6]. These papers have provided the references for most of the 
publications relating to NASA research on TBCs that are reported in the 
present review. 
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The appeal of thermal barrier coatings for gas turbine manufacturers is 
made strikingly clear by the graph in Fig. 8.1 [7]. As indicated in Fig. 8.1, 
thermal barrier coatings have the potential for increasing the temperature 
capability of gas turbines by 100-200 of (90-150°C) above that now 
achievable with our most advanced superalloys. Such an increase in turbine 
gas temperature could, for example, provide an improvement of up to 20% 
in fuel economy [8]. Moreover, this 100-200 OF (90-150°C) increment is 
equivalent to at least three generations of new superalloy development that, 
considering the high temperatures involved, would be difficult, or perhaps 
impossible, for Co- or Ni-based superalloys. To realize this promised 
improvement, however, it will be necessary to develop highly reliable TBCs 
that can be used to their full thermal advantage on critical components such 
as blades in man-rated engines. Although TBCs are beginning to be widely 
applied in many types of engines, all commercial applications to date have 
had to be designed so as to be noncatastrophic in case of TBC failure. 

8.2 MATERIAL REQUIREMENTS 

It was recognized early on that to be useful as a high temperature thermal 
barrier coating a material must meet these fundamental requirements: (1) 
high melting point; (2) low density; (3) high surface emissivity; (4) high thermal 
shock resistance; (5) low vapor pressure; and (6) resistance to oxidation or 
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Figure 8.1 Increase in temperature capability of superalloys with time compared to 
the quantum-step gain potentially obtainable by development of highly reliable 
thermal barrier coatings (TBCs) for gas turbine blade use. Provided by B. Nagaraj 
et al. [7], and used with permission of the General Electric Aircraft Engine Company 
of Cincinnati OH. 
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chemical environment [9]. For engine use, to these must be added (7) low 
thermal conductivity; (8) high coefficient of thermal expansion; and (9) 
resistance to gaseous and particulate erosion. 

When these requirements are all considered, very few ceramics are found 
that meet the criteria. As determined originally by NASA, zirconium dioxide 
(Zr02) in its stabilized form appears to be the optimum choice as a thermal 
barrier coating material. Zirconium dioxide scores especially well for 
requirements 1, 5, 6, 7 and 8. Stabilized Zr02 is outstanding in terms of low 
thermal conductivity, and has a thermal conductivity that is, for example, 
approximately 100 times lower than that of Al20 3 [10]. Stabilized Zr02 also 
has the highest coefficient of thermal expansion (CTE) of all of the common 
ceramic oxides (except for MgO), with a CTE of about 11 x 10- 6 °C-1 at 
1000°C as compared to 17 x 1O- 6 °C-1 for an average Ni-based superalloy 
[10]. And despite having a high coefficient of thermal expansion, partially 
stabilized Zr02 is regarded as having excellent thermal shock resistance 
because of microcracking and transformation toughening [10]. 

Over the years, a number of other ceramics have been suggested or tested 
for use as thermal barrier coatings and/or anticorrosion coatings in engines. 
These include 3A120 3'2Si02 (mullite), Ca2Si04, MgA1204' CaTi03, ZrSi04 
and ZrTi04 [11-13]. However, none of these materials has been developed 
to the state of being a rival for stabilized Zr02. Interest in Ca2Si04 declined, 
for instance, when it was found to react readily with combustion gas S03 
to form CaS04 and Si02 [14]. The search for new TBC materials is always 
an open subject, however, and ceramics from the NaZr2(P04)3 (NZP) system 
have been recently proposed for possible use as thermal barrier coatings 
[15]. Because of their low coefficient of thermal expansion, NZPs are being 
investigated for use as cast-in-place diesel engine port liners [16]. 

8.3 STABILIZATION OF ZIRCONIA 

Although Zr02 has many properties well suited for thermal barrier use, it 
suffers from one deficiency -the need to be stabilized. As shown in the 
Zr02 - Y 2 ° 3 phase diagram in Fig. 8.2, pure Zr02 transforms from the 
monoclinic to tetragonal phase at about 1180°C, and from the tetragonal 
to cubic phase at about 2370°C. If the Zr02 contains inpurities, these 
transformations may occur at lower temperatures. The harmful effect of the 
zirconia phase transformations is that a contraction in volume, initially 
reported as 9% but now thought to be closer to 4%, results from the 
monoclinic-tetragonal transition. This change in volume causes pure Zr02 
to lose its physical integrity, and to crack and crumble, when thermally cycled 
through the monoclinic-tetragonal transformation temperature. Use of Zr02 
in engines and other cyclic heat applications therefore requires that the Zr02 
be stabilized in its high temperature tetragonal (or cubic) form down to 
ambient temperatures. 
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Figure 8.2 Phase diagram of the Zr02 - Y0l.5 system indicating the regions of phase 
predominance for the metastable tetragonal t and tetragonal t' zirconia polymorphs. 
After Scott [22]. 

It was discovered many years ago that the addition of CaO, MgO or other 
oxides could stabilize Zr02 in its high temperature or cubic structures. The 
oxides currently thought to stabilize Zr02 include CaO, MgO, Y 203' Ce02, 
SC20 3, In20 3 and the majority ofthe rare earth oxides. Use of these stabilizing 
oxides results in phase relationships that are generally, but not quantitatively, 
similar to those illustrated for the Zr02- Y 203 system in Fig. 8.2. Because 
diffusion is very slow in Zr02, even at quite high emperatures, phase equilibria 
are difficult to obtain, and the question is often raised as to the accuracy of 
even some of the better known stabilized Zr02 phase diagrams. The original 
phase diagrams for CaO-Zr02' for example, indicated that CaO stabilized 
Zr02 in the cubic form to below at least 300°C; more recent work shows 
however that the cubic structure of CaO-Zr02 is actually not stable below 
1140°C [17]. Even recent phase diagrams of the highly studied Y20 3-Zr02 
system have significant differences because of the problem of achieving 
equilibrium [18]. In some cases, debate may wage for decades, as with Ti02, 
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before it is finally concluded that the oxide does not give true stabilization 
of Zr02. On the other hand, absolute thermodynamic equilibrium is not 
always required, and metastable crystal states can be of major engineering 
importance, as discussed below. 

Despite much study, the mechanism of stabilization is still not certain. 
Many factors are involved, including thermal treatment (annealing temperature, 
time at temperature, quenching rates) and grain size. In searching for 
stabilizing oxides, one may invoke a set of working rules; (1) the radius of 
the oxide cation should be close to that of Zr4 + (0.080 nm) so that it can fit 
into the crystal lattice without serious distortion; (2) the oxide cation should 
have a stable 2 + or 3 + oxidation state; and (3) the crystal structure of the 
stabilizing oxide itself should be cubic or tetragonal. However these rules 
may be violated. For instance, stabilizing oxides with cation oxidation states 
below 4 + generate oxygen vacancies within the zirconia oxide lattice. These 
oxide vacancies are thought to be critical in producing stabilization; yet 
Ce02, where the cation is Ce4 + and no oxygen vacancies should be produced, 
is still an effective Zr02 stabilizer. (In rebuttal to this last question, it is 
sometimes argued that a certain number of the cerium cations in fact exist 
in the zirconia matrix in the Ce3+ state.) 

Although quantitative comparison is difficult, the various stabilizing oxides 
are known to have different levels of effect, or possibly even different stabilizing 
mechanisms. For example, Sheu et al. investigated the cubic~tetragonal t' 
transformation (see below) for several stabilized zirconias, including In20 3-
and Sc20 3-stabilized Zr02, and determined that the upper composition limit 
at which the tetragonal phase could be observed was'" 18 mol% for Y01.5 
and certain rare earth oxides (R01.5)' but 23 mol% for Sc01.5 and 25 mol% 
for In01.5 [19]. This led Sheu et al. to conclude that In20 3 and SC20 3 were 
less effective stabilizers than Y 203 or the rare earth oxides. The stabilizing 
ability of the various oxides has also been recently reviewed by Sasaki et a!., 
who provide a plot ofthe lowering of the monoclinic~tetragonal transformation 
temperature versus the M3+ cationic radius. This plot indicates that the 
stabilizing efficiency increases with cationic radius from Sc3 + up to y3 +, but 
then decreases down to La3+, which has lower stabilizing efficiency than 
Sc3 + [20]. 

8.4 PHASE TRANSFORMATION REACTIONS OF STABILIZED 
ZIRCONIA 

If a mixture of 2~3 mol% Y 203 (4~6 mol% Y01.5) with Zr02 is sintered at 
1400~ 1600 DC and cooled at appropriate rates, the ceramic obtained is not 
the equilibrium monoclinic and cubic mixture predicted by Fig. 8.2, but 
rather a metastable tetragonal phase termed the t phase, which may contain 
some cubic phase or be itself contained within a cubic phase matrix depending 
on the exact Y 203 content and preparation conditions [21]. This phase is 
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referred to as the tetragonal zirconia polycrystal (TZP) phase, or to distinguish 
it from similar phases formed in the MgO-Zr02 or Ce02-Zr02 systems, 
the yttria-tetragonal zirconia polycrystal (Y -TZP) phase. If, on the other 
hand, a mixture of 4-5mol% Y20 3 with Zr02 is heated to 2200-2400 °C 
or above (i.e. into the high temperature cubic phase region) and quenched 
rapidly, a metastable tetragonal phase termed the t' phase is produced. This 
phase has significantly different properties than the Y-TZP phase. It is 
sometimes described as partially stabilized zirconia (Y -PSZ or PSZ) to 
differentiate it from the fully stabilized cubic zirconia (Y-FSZ or FSZ) 
produced at compositions above 18 mol% Y01.5' The regions of occurrence 
of these two metastable tetragonal phases are indicated in the Zr02- Y 203 

phase diagram in Fig. 8.2, which is originally due to Scott who first established 
the existence of the low temperature metastable tetragonal Zr02 phase [22]. 

The TZP (t) zirconias have very high strength and high fracture toughness, 
with strength of over 1 GPa and fracture toughness greater than 15 MPa m 1/2 
being achieved [21,23]. They are among the strongest of ceramics, especially 
in terms of fracture toughness. Accordingly there is wide interest in TZP for 
use as extrusion dies, cutting instruments, machine tools, wear parts in engines 
and machinery, etc. The fracture toughness of TZP is thought to be the result 
of a transformation toughening mechanism wherein the TZP (t) phase, when 
under stress such as at a crack tip, transforms to the monoclinic Zr02 phase. 
Energy is dissipated, and the fracture toughness of the ceramic is therefore 
increased by the t tetragonal-monoclinic transformation. In contrast, the 
tetragonal t' phase is not transformed by mechanical stress, and is thus often 
called the nontransformable tetragonal phase. Despite its promise, a number 
of potential flaws are known for TZP (t) zirconia: (1) a low temperature 
degradation when exposed to water vapor at 200-300°C, which can lead to 
complete loss of strength; (2) a return to equilibrium monoclinic-tetragonal 
phase behavior, and hence loss of properties, at temperatures as low as 800 °C; 
and (3) the need for the TZP (t) grain size to be kept below l11m. 

The ceramic literature contains a large number of publications concerning 
the formation of the t and t' tetragonal zirconia phases, their structures and 
properties, the t tetragonal-monoclinic transformation toughening mechanism, 
and the relationship between the t and t' crystal morphologies. Many different 
mechanisms have been proposed, for instance, for the t tetragonal-monoclinic 
transformation toughening process. For the present review on thermal barrier 
coatings, it is sufficient to examine only a few of the more important papers. 

Garvie in 1978 advanced the theory that the metastable tetragonal t form 
had a lower surface free energy than the monoclinic, and determined that 
the tetragonal (t) phase should be stable for crystallite sizes below about 
O.l11m [24]. The existence of a critical grain size, above which transformation 
from the tetragonal t to the monoclinic phase will occur spontaneously, has 
since been confirmed by others [25]. In a later paper, Heuer et al. critically 
surveyed the proposed mechanisms for the cubic-metastable tetragonal t, 
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the cubic-metastable tetragonal l' and the t tetragonal-monoclinic phase 
transformations as they occur in the Y 203-Zr02 system [26]. From the 
Heuer et al. review, as well as other work, it appears to be now largely 
accepted by ceramicists that (1) the transformation of the cubic to the 
tetragonal t phase is diffusion controlled, with the intrinsic energy of t phase 
formation being released by the development of interacting microstructures 
(termed complexes or, iflarger, colonies) between the resultant t phase grains; 
(2) the rapidly quenched tetragonal t' phase is formed by a diffusionless 
transformation, and is characterized by antiphase domain boundaries (APBs) 
which result from the reduction in symmetry during the phase transformation; 
and (3) the t tetragonal-monoclinic transformation toughening process is 
martensitic, with the grain size and Y 203 content being the primary factors 
determining the start (Ms) temperature of the martensitic transformation. 

In the past there has been considerable question concerning the crystal 
structures of the various stable and metastable tetragonal phases found with 
stabilized zirconias. For example, in discussing the Sc20 3-Zr02 phase 
diagram, Ruh et al. speak of one tetragonal phase as being 'the high
temperature structure supported by Teufer in which neighboring oxygen 
atoms do not lie in planes parallel to the basal plane' as opposed to a second 
stabilized tetragonal phase which 'is the distorted fluorite structure normally 
observed in all stabilized tetragonal zirconias ... [whereJ the neighboring 
oxygen atoms do lie in planes parallel to the basal plane' [27]. Recent neutron 
diffraction studies of fine particle ( '" 0.5 Jlm) metastable zirconia by 19awa et 
al. [28J indicated that the oxygen atoms were shifted in the (100) direction, 
with the authors concluding that metastable zirconia has basically the same 
crystal structure as doped (i.e. stabilized) zirconia at room temperature and 
tetragonal Zr02 at high temperature. 

However, the tetragonal t and l' phases, as curently identified and perceived, 
are now generally thought of as being crystallographically similar (i.e. having 
the same unit cell arrangement, although the dimensions may vary), but 
morphologically different (i.e., having different grain microstructure features 
such as antiphase boundaries, twins and domains) [26, 29]. The t' phase is 
spoken of as distinguishable, for instance, on the basis of having 'the 
characteristic herringbone structure and three tetragonal variants,' and 
exhibiting 'a plate-like domain structure with antiphase boundaries (APBs), 
[29]. The regions of t and t' phase predominance should probably not be 
considered as separated (as sketched in Fig. 8.2), but rather as blending 
smoothly together. On the other hand, a difference in composition exists 
between the t and t' phases. This difference may result from the original 
preparation, where lower Y 203 concentrations are used for TZP (t) than for 
PSZ (t') production, or it may ensue from thermal decomposition of the t' 
phase (see below). Being a rapidly quenched single phase, the t' phase has 
the same composition as the original Y20 3-Zr02 mixture; in certain cases, 
however, such as in high temperature aging of plasma-sprayed TBCs [30J, 
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the metastable t' phase may undergo thermal decomposition and phase 
separation, with its Y 203 content then being proportioned between the higher 
Y 203 composition cubic phase and lower Y 203 composition tetragonal t 
phase. The t and t' phases are often referred to as the low yttria and high 
yttria tetragonal phases, respectively, to denote the difference in Y 203 
composition. 

The low temperature degradation of Y -TZP by 200-300°C water vapor 
has been studied extensively. It is commonly concluded to arise from the 
reaction of H20 with Y20 3 to form Y(OH)3 on the Y-TZP grain surface. 
The formation of Y(OH)3 either causes an accumulation of strain at the 
Y -TZP surface which in itself ultimately triggers transformation to the 
monoclinic phase [18], or is accompanied by the generation of tetragonal 
zirconia embryos which, upon growing past a certain critical size, induce 
transformation to the monoclinic phase at the Y -TZP surface [31]. Doping 
Y-TZP with Ce02 inhibits its degradation by 200-300°C water vapor, 
presumably because a Ce02 coating is formed on the Y-TZP grains which 
protects the active points ofthe tetragonal (t) solid solution from H20 attack [31]. 

Many of the more successful stabilized zirconia thermal barrier coatings 
(see below) contain about 8 wt% Y 203 (i.e., 4.5 mol% Y 203 or 9.0 mol% 
Y01.5)' and they are produced by plasma spraying or e-beam physical vapor 
deposition which can simulate rapid quenching. These TBCs therefore tend 
to consist, at least initially, of the tetragonal t' phase, and the properties of 
this phase are thus of critical interest in TBC science. Although the PSZ (t') 
phase, being nontransformable, is not strengthened by the tetragonal-monoclinic 
martenistic transformation, it is regarded by ceramicists as having excellent 
strength and crack toughness in its own right. Virkar and Matsumoto propose 
that the t' phase is toughened by a ferroelastic domain-switching mechanism 
that remains active at temperatures up to 1400 °C [32]. This gives a 
toughening capability to substantially higher temperatures than for the TZP 
(t) phase, where tetragonal-monoclinic transformation toughening loses effect 
at 800-900 0c. Moreover, Noma et al. have reported the preparation of 
tetragonal t' zirconia that withstood annealing for 48 h at 1700 °C without 
significant transformation [33]. The t' zirconia phase has also shown 
exceptional resistance to degradation by 200-300 °C H20 even for grains of 
100-200 Jlm in size [23, 29]. 

Tetragonal t' zirconia, although perhaps having slightly less strength and 
crack toughness, thus appears superior to the tetragonal t phase in resistance 
to high-temperature thermal decomposition, in resistance to low temperature 
degradation by H20 vapor and in tolerance to large grain size or grain 
growth. The predominance of the t' phase in thermal barrier coatings would 
be expected to be highly beneficial. However, Miller et al. have found that 
the t' phase, when in the form of a plasma-sprayed TBC, suffers phase 
separation by diffusion to the tetragonal t and cubic phases when aged at 
1200°C [30]. Similarly, a study by VanValzah and Eaton has shown that 
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quenching (at about 1000 °C/min) tends to retain the t' phase in plasma-sprayed 
Zr02-8 wt% Y 203' but that the l' phase was not stable when annealed at 
1288-1482°C [34]. Decomposition of the t' phase in Zr02-8wt% Y20 3 to 
the cubic (high yttria) and tetragonal t (low yttria) structures after aging at 
1200-1600 °C has been observed also by Brandon and Taylor [35]. In a 
related vein, Shankar et al. report that the tetragonal content is decreased, 
and the cubic content increased, in a Zr02-7.8 mol% Y01.5 plasma-sprayed 
coating after 100 h aging at 1150 °C, but the monoclinic content ( < 0.5%) is 
not changed [36]. 

An apparent contradiction exists as to the high temperature stability of 
the t' phase, which is reported on the one hand as being stable even up to 
1700 T [33], but to undergo thermal decomposition in the TBCs at 
temperatures as low as 1200°C [30]. The explanation may lie in the different 
methods of preparation. The high stability ceramic specimens prepared by 
Noma et al. were produced by arc furnace melting followed by ultrarapid 
quenching (100 000 °C/min) to form solid films of 30-40!lm thickness [33]. 
High levels of chemical homogeneity and favorable phase microstructures 
are likely to have been achieved. On the other hand, plasma spraying is a 
less well-controlled process, where the structure and performance of 
plasma-sprayed TBCs can be altered significantly by just a change in the 
plasma spray powder [37]. The phase composition and chemical homogeneity 
of the plasma spray powder are critical, and proper attention has not always 
been given to these factors. K vernes and coworkers, who stress the need for 
high quality powders, have shown that large variation in Y 203 content can 
occur between individual powder particles of Y 203 -stabilized Zr02 [38]. 
The chemical homogeneity and phase microstructure of plasma-sprayed 
TBCs are virtually certain to be inferior to those of the t' zirconia phase 
carefully prepared by Noma et al. Thus the exceptional thermal stability of 
the Noma et al. t' zirconia may be an indication that a large improvement 
in the high temperature capability of zirconia TBCs may yet be possible by 
further optimization of the chemical homogeneity and microstructure of the 
TBC tetragonal t' phase. 

8.5 IDENTIFICATION OF PHASES IN STABILIZED ZIRCONIA 

X-ray diffraction (XRD) has been mainly relied on for the identification of 
the monoclinic, tetragonal (t or t'), and cubic phases in stabilized zirconia. 
One of the more recent papers in this area has been by Schmid, who includes 
references to most of the earlier work [39]. Quantitative analysis of mixtures 
of the monoclinic and cubic phase, or of the monoclinic and tetragonal phase, 
is based on the ratios of the integrated (11 I)m' (111)m and (lll)e,t diffraction 
peaks. The analysis is straightforward because there is no peak overlap, 
although the monoclinic phase shows anomalously high X-ray absorption, 
which must be taken into account. On the other hand, analysis of mixtures 
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containing the tetragonal and cubic phase are difficult because the XRD 
patterns are very similar and they are differentiated only by the characteristic 
peak splittings of the tetragonal phase such as (002)" (200)" (11 3)" (3 1 n, 
(004)" (40 O)t. Moreover, these additional peaks overlap with both the cubic 
and monoclinic peaks, and deconvolution of the overlapped peaks is necessary 
for analysis for the tetragonal phase. Miller et al. used a mechanical means 
of peak resolution to separate the tetragonal and cubic peak components in 
the (400) region, and so were able to determine the percentage of tetragonal 
phase present [40]. Illustrative examples of peak deconvolution are shown 
by Taylor et al., who demonstrated the 1400 °C transformation of the high 
yttria t' phase to a mixture of the low yttria t phase and cubic phase by 
deconvolution of the (4 0 0) peaks [41]. A BASIC language computer program 
for deconvoluting overlapped diffraction peaks in the Y 203-Zr02 system 
has been developed by Froning and Jayaraman [42]. For the case where the 
zirconia particles are very small and substantial peak broadening occurs, 
synchrotron source XRD has been invoked to distinguish between the cubic 
and tetragonal phases [43]. However, quantitative XRD analysis of stabilized 
zirconia when the tetragonal (in both t and t' forms), monoclinic and cubic 
phases are all present remains difficult, and is not a routine task even with 
present-day computer-controlled diffractometers and peak deconvolution 
computer programs. Later papers have recommended Rietveld analysis of 
the diffraction data as being a superior method for determining zirconia 
polymorph phase abundance [44,45]. 

Neutron diffraction has also been applied for study of the zirconia phase 
structures by Shankar et al., who have reported the detection of an ordering 
of the oxygen anions in the tetragonal phase [36]. 

In addition to neutron and X-ray diffraction, there has been some 
application of Raman spectroscopy to identify Zr02 phases. The Raman 
spectra of the monoclinic, tetragonal and cubic zirconia phases are characterized 
by 18 Raman bands, 5 Raman bands, and 1 Raman band, respectively. This 
difference in spectra has been used by Srinivasan et al., to distinguish between 
monoclinic and tetragonal zirconia materials produced by different precipitation 
techniques for the precursor hydrous zirconia oxide [46]. Raman spectroscopy 
was also employed by Hamilton and Nagelberg to monitor in situ the 
formation of the monoclinic Zr02 phase resulting from the molten sodium 
vanadate corrosion of yttria-stabilized zirconia at 700°C [47]. 

8.6 ZIRCONIA THERMAL BARRIER COATINGS 

The evolution of the structure and production of zirconia TBCs, which are 
inextricably tied together, has been treated in reviews by several authors [5, 
6,48-52]. Most modern thermal barrier coatings consist of an inner metallic 
layer, or bond coat, and an outer layer of stabilized zirconia. For gas turbine 
use, the metal bond coat is normally 0.003-0.005 in. (75-125 Jlm) thick and 
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the zirconia layer 0.010-0.015 in. (250-375Jlm) thick. Thermal barrier 
coatings intended for truck or off-road diesel engines, or for large marine 
diesel engines, may be much thicker, with a zirconia depth of 0.060-0.250 
in. (1.5-6.25 mm); they are sometimes termed thick thermal barrier coatings 
or TTBCs. 

In the past, three-layer TBCs have been used, for example, in mag
nesia -zirconia coatings on gas turbine combustors. Scott and Restall describe 
combustor coatings which consisted of an NiCr bond coat, a mixed 
NiCr + Zr02-24wt% MgO intermediate layer meant to reduce interfacial 
stress, and an outer thermal barrier of pure Zr02-24wt% MgO [53]. These 
coatings gave five times longer combustor life, but ultimately failed by 
oxidation of the NiCr in the intermediate layer and evaporative loss of MgO 
(above about 950°C). Coatings ofZr02-7wt% Y 203 over an NiCrAIY bond 
coat were subsequently found to be superior to the three-layer magnesia-zirconia 
TBC. An alternative approach to three-layer TBC systems is to divide the 
metallic bond coat into an upper oxidation-resistant alloy and a lower 
'compliant' alloy next to the substrate, with conventional stabilized zirconia 
applied on top of this 'composite' bond coat. Such a coating has been 
investigated by Movchan et al., who report improved performance [54]. In 
general, three-layer TBCs with graded stress-compliant metal-ceramic 
intermediate layers have been superseded, particularly for gas turbines, 
because of oxidation of the metal in the intermediate layer. 

8.6.1 Plasma-sprayed thermal barrier coatings 

The two principal means at present for applying TBCs are plasma spraying 
and electron beam physical vapor deposition (EB-PVD). Each method 
produces its own largely distinctive structure in the resultant TBC, as will 
be discussed further below. Sputter deposition has been studied to some 
extent as an alternative [55], but has shown no advantage over plasma 
spraying or EB-PVD. A number of other possible processes for the deposition 
of TBCs are listed by Miller [5]. 

Plasma spray deposition 

Derived from research on low thrust plasma arc engines [6], plasma spray 
deposition is widely used in the coatings industry. The basis of the process, 
as it pertains to thermal barrier coatings, has been described by Miller [5]. 
A more detailed review of plasma spraying is presented by Hocking et al. 
[56]. Highly automated, computer-controlled plasma spray systems are now 
available and coming into use [57]. A schematic representation of the plasma 
spray gun and plasma spraying process is shown in Fig.8.3. A DC arc is 
struck (using typically on the order of 30 V and 300-800 A) between the 
cathode and anode to generate a plasma in the carrier gas, which is usually 
a mixture of Ar plus H2 or H2 and N2. The temperature of the plasma gas 
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Figure 8.3 Schematic illustration of a plasma spray gun and the plasma spraying process. 

at the anode nozzle may be 6000-12000 °C, and its velocity on the order of 
200-600 m/s. The plasma spray powder, with particle sizes of 20-100 J.lm, is 
injected near the nozzle exit and melts rapidly upon being entrained in the 
exiting plasma gas. The molten particles then impact upon the substrate, 
held at standoff distances of about 10-50 cm, to form the desired coating. 
By injecting the powders further downstream in the cooler sections of the 
plasma gas, it is possible to plasma spray relatively low melting materials 
including even plastics [56]. 

Although plasma spraying is simple in concept, it involves many complex 
factors, and extensive work has been required to develop it as a reliable 
means for TBC deposition. As listed by Miller [5], the factors that must be 
controlled involve (1) the torch design (nozzle diameter, powder injection 
location, injection angle); (2) the spraying operation (arc power, gas composition, 
plasma stream temperature and velocity, powder injection rate, powder 
distribution and dwell time in plasma stream, standoff distance, workpiece 
surface preparation); and (3) the plasma powder material (size range, shape, 
crystal phase distribution, chemical homogeneity). Taylor et al. have also 
reviewed the complexities involved in plasma spraying, and cite several 
references where attempts have been made to model plasma spraying [58]. 

Properties of plasma-sprayed zirconia layer 

A schematic cross section of a typical plasma-sprayed thermal barrier coating 
is given in Fig. 8.4. Porosity is introduced as the molten droplets splat down, 
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Figure 8.4 Cross section showing the dimensions and features of a typical plasma
sprayed zirconia thermal barrier coating for aviation use. The zirconia layer is 
comprised of splatted-down particles with porosity of 5-15%. 

and the porosity (or inversely, the density) of the zirconia layer is critical in 
determining the heat insulation, thermal shock, thermal cycle tolerance and 
erosion resistance of the TBC. It can be varied within limits by the plasma 
spraying technique, as shown by Taylor et al. [58] and Joshi and Srivastava 
[59]. In general, the more porous zirconia layers favor better heat insulation 
and spalling resistance, whereas the less porous layers give improved erosion 
resistance. Thermal cycle life can be quite sensitive to the zirconia density, 
with low densities being as detrimental as high densities, as shown by Stecura 
in Fig. 8.5 [60]. The relationship between the mechanism of formation, 
microstructure and properties of plasma-sprayed coatings has been reviewed 
by McPherson [61, 62]. Sintering at temperatures as low as l100°C has been 
found to increase the strength and modulus of plasma-sprayed zirconia; the 
sintering effect increases with temperature and silica impurity content of the 
zirconia [63]. The sintering effect was interpreted as resulting from the 
transformation of the zirconia from 'a mechanically interlocked network to 
a chemically bonded system.' However, recent research by Miller et al. 
indicates that silica impurities strongly decrease the cyclic life of Zr02 - 7 wt% 
y 203 TBCs [64]. 

Lack of reproducibility has been a traditional problem in the plasma 
spraying of zirconia TBCs. The characteristics of the individual plasma spray 
powders were long suspected as being a primary cause of TBC variability, 
but little documentation existed to establish the fact. This problem was 
addressed by Rigney et al. [37], who critically examined 12 different plasma 
spray powders, all nominally Zr02-8 wt% Y 203' to determine how the 
physical, crystallographic and chemical makeup of the powders influenced 
the thermal cycle life and erosion resistance of coatings plasma sprayed from 
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Figure 8.5 Effect of the density of the Zr02 layer on the thermal cycle life of 
Zr02- Y 203 thermal barrier coatings as determined by Stecura [60]. 

the 12 different powders. The powders were prepared by five different 
processes; (1) spray drying, (2) spray drying and sintering, (3) sintering and 
crushing, (4) casting and crushing and (5) casting, crushing and fusing. A 
wide variation in performance was found, with spalling life for hourly thermal 
cycling to 1093°C ranging from 40 h to > 1000 h. The most critical factors 
were concluded to be the particle size and its uniformity, the chemical 
homogeneity of the powder and the method of manufacture, with spray 
drying being the least favored. Wide scatter also was reported in European 
tests using six different Zr02-8 wt% Y 203 powders, as described in the 
review by Rhys-Jones and Toriz [52], where thermal cycle life varied from 
only 10 cycles to over 1000 cycles for the different powders. The influence 
of powder microstructure on the structure and properties of plasma-sprayed 
Zr02-8 wt% Y20 3 TBCs has also been recently reported by Pieraggi et al. [65]. 

Spalling life in the Rigney et al. results could not be directly correlated 
with the monoclinic content of the TBC. Although the shortest-lived coating 
(40 h) had the highest monoclinic content (64%), and the longest-lived 
coating (> 1000 h) was 97% tetragonal, several coatings with 20-25% 
monoclinic content survived longer than others that were 100% tetragonal. 
Also, all ofthe coatings either retained the tetragonal (presumably t') structure, 
or tended to develop the tetragonal structure if not initially tetragonal, during 
thermal cycling. This is at variance with the findings of thermal decomposition 
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of the t' phase during high temperature aging [30, 34, 35J, and Rigney et ai. 
proposed that cycling, as opposed to isothermal high temperature tests, may 
cause 'retention' of the tetragonal phase in the same manner that thermal 
cycling of maraging steel causes retention of the high temperature austenitic 
phase. 

The benefit of chemical homogeneity and uniformity of particle size and 
shape may also have been shown in tests with sol-gel prepared plasma spray 
powders, where the sol-gel powders, spherically shaped particles of high 
microhomogeneity and uniform size, were reported to outperform reference 
commercial powders in isothermal and thermal cycling tests up to 1100 DC [53]. 

Effect of stabilizer 

The properties and high temperature performance of TBCs are mainly 
determined, however, by the choice and amount of oxide added to stabilize 
the zirconia. Calcia- and magnesia-stabilized zirconia have mostly been 
displaced from gas turbine TBC use, for example, because of their phase 
instability under thermal cycling, lack of corrosion resistance and volatility 
(for the case of MgO). As is now well known, the thermal cycle life of 
yttria-stabilized zirconia TBCs for gas turbine engines is highly dependent 
upon the Y 203 composition. Fully stabilized cubic Zr02 (formed at 
> 18 mol% YO 1.5) might be thought the best choice for gas turbine TBCs, 
since it avoids the monoclinic-tetragonal transformation, but in fact it gives 
poor thermal cycle performance. Instead, wide experience has shown that 
maximum thermal cycle life is provided by partially stabilized zirconia within 
the narrow concentration range of about 6-8 wt% Y 203 as indicated in Fig. 
8.6 by Stecura [60]. The improved thermal cycle life is often explained as 
resulting from 'microcracking' within the partially stabilized Zr02. However, 
6-8 wt% Y 203 corresponds to the composition (about 7 -9 mol% YO 1.5) of 
maximum stability of the tetragonal t' phase in the Y20 3-Zr02 system (Fig. 
8.2), and the improved thermal cycle life results from the total properties of 
the t' phase, and not just micro cracking. 

Over the years, other stabilizing oxides have been proposed to give 
improved thermal performance or corrosion resistance over yttria. Stecura, 
for example, has developed ytterbium-stabilized zirconia and shown, using 
1120 DC thermal cycling, that plasma-sprayed Zr02-12.4 wt% Y 203 coatings 
give 80% and 60% longer thermal cycle lives, respectively, than equivalently 
prepared Zr02-6.1 wt% Y 203 and Zr02-8.0 wt% Yb20 3 coatings [66]. 
Ceria-stabilized zirconia has been patented as a hot corrosion-resistant 
thermal barrier coating [67]. There is also interest in ceria-stabilized zirconia 
as an ultrahigh temperature thermal barrier coating, with Brandon and Taylor 
reporting that Zr02-25 wt% Ce02 remained wholly tetragonal after 100h 
at 1500 DC, and developed only 13% monoclinic phase after 100 hat 1600 DC 
[68]. Scandia and india have been identified as potential hot corrosion-
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Figure 8.6 Effect ofthe yttria content on the thermal cycle life of Zr02- Y 203 thermal 
barrier coatings as determined by Stecura [60]. 

resistant stabilizers from zirconia [69, 70J, but the thermomechanical properties 
and phase stabilities of scandia- and india-stabilized zirconia TBCs have not 
been established. A compilation and review of the thermodynamic properties 
of a number of high temperature metal oxide-zirconia systems, useful in 
searching for other possible stabilized zirconia coatings, has been prepared 
by Jacobson [71]. 

Properties of metallic bond coat 

Zirconia thermal barriers are permeable to oxygen at high temperature, and 
must therefore be backed by an oxidation-resistant bond coat. The choice 
of the bond coat has been found to be as critical as the choice of the zirconia 
outer coating in determining the success of the TBC. It was earlier thought 
that the bond coat should be of low strength so as to relieve stress resulting 
from the difference in the coefficients of thermal expansion for the zirconia 
ceramic and the superalloy substrate. However, current results suggest that 
strengthened bond coats with greater creep resistance may be the route to 
improved thermal cycle life [72,73]. On the other hand, the bond coat must 
not form brittle phases, and it must have good resistance to interdiffusion 
with the substrate alloy. 

Bond coats for plasma-sprayed zirconia TBCs are themselves normally 
produced by plasma spraying using vacuum, low pressure or shrouded plasma 
spray techniques to minimize formation of metal oxide phases. Low pressure 
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or vacum plasma spraying also allows increased substrate temperatures of 
up to 1600-1800 of (870-980°C) which promote diffusion of the bond coat 
into the substrate and so give higher bond strengths [48]. The upper bond 
coat surface must be of a certain roughness (on the order of 600 /lin. (15 /lm) 
average amplitude [37]} for adhesion of the zirconia layer [5]. Plasma spray 
conditions are set to give, as far as possible, fully dense bond coats. 

The bond coats used for aviation engines are usually made of an MCrAIY, 
an M-based alloy (where M = Ni, Co or NiCo) containing Cr, Al and Y. At 
high temperature, an oxide film predominantly of alumina forms on the bond 
coat at the Zr02 -MCrAIY interface, and acts as the basis of attachment for 
the Zr02 outer layer. The properties (growth rate, composition, integrity, 
spalling behavior, etc.) of this oxide film are critical, and they are strongly 
affected by the specific composition of the MCrAIY. Stecura has shown that 
removing yttrium from the bond coat results in rapid spalling failure of the 
TBCs, whereas optimizing the yttrium, and to a lesser extent the chromium 
and aluminum, content of the bond coat can increase TBC high temperature 
spall life by a factor of 10 or more [74, 75]. An example of one of the better 
performing bond coat compositions found by Stecura is Ni-35 Cr-6 
AI-0.95 Y (wt%). The crucial effect of Y in bond coats is not unexpected. 
The importance of yttrium in promoting adhesion of the alumina surface 
oxide, and thereby increasing service life, was recognized during the original 
development of the MCrAIY materials as high temperature oxidation
resistant coatings for superalloys. A large effort has been made to understand 
how small additions of 'active' elements such as Y, Hf, Zr, etc., act to improve 
the alumina surface oxide or its adhesion on an MCrAIY [76-78]. Stecura 
has recently investigated MCrAIYb (where Yb replaces Y as the active 
element) bond coats, and found improvement in TBC spall life over the 
conventional MCrAIY bond coat [79]. 

There is likely to be a movement away from simple MCrAIY materials as 
bond coats in the future, especially for specific needs or nonaviation 
applications. Improved TBC life has been found, for instance, by Wortman 
et al. with NiCoCrAIY bond coats which were modified for higher strength, 
and given a diffusion aluminide topcoat to enrich the outer surface in 
aluminum for improved oxidation resistance [72]. For diesel engines, K vernes 
has used rapid solidification technology to produce a high silicon Si-Al bond 
coat having a reduced coefficient of thermal expansion and the capability of 
being used on light alloys in engines [80]. Also for diesels, graded coatings 
using mixed CoCrAIY -Zr02 or NiCrAIY -Zr02 interlayers are being applied 
to reduce tensile stress at the coating-substrate interface in thick thermal 
barrier diesel engine coatings [81, 82]. The use of graded coatings is expected 
to be successful here because temperatures are too low ( < 500°C) for the 
metal particles to be oxidized. Other proposals for modifying the TBC-bond 
coat interface in internal combustion engines include the co-plasma spraying 
of SiC whiskers to improve cracking toughness of the ZrOz-bond coat 
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interface and ZrOz ceramic [83], and the incorporation of various oxides 
and metals into the ZrOz by a slurry bisque method to provide diesel engine 
coatings having good wear and friction properties, as well as thermal 
insulating capabilities [84, 85]. 

8.6.2 Electron beam-physical vapor deposited (EB-PVD) thermal barrier 
coatings 

EB-PVD of metallic coatings 

Electron beam-physical vapor deposition is widely used in the gas turbine 
industry for applying metallic coatings (usually of the MCrAlY type) to 
turbine blades and vanes for protection against oxidation and hot corrosion. 
The technique is also capable (see below) of producing zirconia thermal 
barrier coatings with potentially superior properties for certain applications. 
A schematic of an EB-PVD production facility for the deposition of MCrAIY 
coatings is shown in Fig. 8.7 [86]. In a large vacuum chamber, a high power 
electron beam is focused onto an MCrAIY ingot target which melts the metal 
locally and produces an MCrAIY vapor. The vapor deposits as a coating on 
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Figure 8.7 Schematic representation of the electron beam-physical vapor deposition 
(EB-PVD) coating process as given by Goward [86]. Reproduced by permission of 
G.W. Goward and the Metals and Ceramics Information Center. 
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the airfoils, which are held in rotatable and retractable fixtures above the 
vapor source. Preheating and oversource heating are used, as indicated in 
Fig. 8.7. The process yields an MCrAIY coating with an excellent 
coating-substrate adhesion, uniform thickness, high density (essentially zero 
porosity), optimum composition and grain structure and a smooth outer 
surface for good aerodynamic flow. There is little problem with closing of 
the surface air-cooling holes of the blade or vane. The latest versions of 
production airfoil vacuum coatings are large machines (extending through 
two floors of the production facility), which have sophisticated computer 
controls and cost several million dollars each. 

EB-PVD preparation of zirconia thermal barrier coatings 

Zirconia thermal barrier coatings can also be deposited by the EB-PVD 
process. The general process, and the advantages it is thought to confer, are 
described by Strangman [48, 87]. The principal modification required for 
thermal barrier EB-PVD coating is to provide a certain oxygen partial 
pressure within the vacuum chamber so as to maintain oxygen stoichiometry 
in the deposited Zr02 film. Bond coats for EB-PVD thermal barrier coatings 
are normally of the MCrAIY type and are themselves deposited by EB-PVD. 
For best adhesion, the bond coat surface should be smooth, or preferably 
polished [88], in contrast to plasma-sprayed TBCs, which require a rough 
bond coat. This implies, according to Strangman, that adhesion of EB-PVD 
thermal barrier coatings involves a chemical bond between the zirconia and 
bond coat surfaces, and he points out that high deposition temperatures, or 
postcoating heat treatments at 1600-2000 of (870-1090 0c) act (presumably 
because they strengthen the chemical bonding) to improve bond quality. 

Properties of EB-PVD zirconia thermal barrier coatings 

The major advantage of EB-PVD thermal barrier coatings lies in their 
columnar outer structure (Fig. 8.8) which reduces stress buildup within the 
body of the coating. As described by Strangman, 'strain within the coating 
is accommodated by free expansion (or contraction) of the columns into the 
gaps, which results in negligible stress buildup' [48]. The columnar structure 
of EB-PVD zirconia TBCs has the disadvantage, however, of increasing heat 
conductivity by a factor of about 2 as compared to plasma-sprayed TBCs [89]. 

Note that Fig. 8.8 indicates, following the description of Strangman [48], 
that a thin, dense Zr02 layer occurs between the bond coat surface and the 
upper columnar zirconia structure. This phase grows under oxygen-deficient 
conditions just at the beginning of Zr02 deposition, and its thickness is 
controlled by how quickly the oxygen bleed is activated after Zr02 coating 
commences. Strangman considers this dense, interfacial Zr02 film to be 
critical to the life of EB-PVD coatings, and proposes that it provides for 



214 

T 
Dense inner 
layer (Zr02 ) 

O.12mm 

Thermal barrier coatings 

/ 

Insulative 
ceramic 

(~T 100-200°C) 

bond coat 

Figure 8.8 Cross section illustrating the strain-tolerant columnar ZrO 2 microstructure 
of EB-PVD zirconia thermal barrier coatings. 

chemical bonding between the Zr02 and bond coat, but if it becomes too 
thick (> 2 ~m) it may sustain and transmit compressive stresses sufficient to 
cause cracking within the outer zirconia coating. 

Other EB-PVD groups appear less certain of the necessity for a discrete, 
dense Zr02 layer at the zirconia-bond coat interface. However, TBC 
production by EB-PVD is still something of an art, and each EB-PVD 
production group will tend to develop its own proprietary practices to yield 
TBCs having superior structures and properties. In this vein, we may note, 
for example, that Fritscher et al. have developed EB-PVD techniques for 
producing densitometrically graded zirconia layers [90] and chemically 
graded MCrAIY bond coats [91] which they report to improve TBC life. 

The superior spalling performance predicted for EB-PVD thermal barrier 
coatings has been confirmed in gas turbine flight tests. Toriz et al. examined 
EB-PVD coatings on first-stage vane airfoil surfaces after 5200 h of flight 
time, and concluded EB-PVD coatings to be superior to plasma-sprayed 
coatings in having (1) longer thermal cycle lives, (2) smoother surface finishes, 
(3) better surface finish retention and (4) superior erosion resistance [92]. 
EB-PVD zirconia was found by Meier et al. to have better degradation 
resistance than either plasma-sprayed zirconia or metallic MCrAIY in 4200 h 
engine side-by-side flight tests of first-stage blades coated variously with 
metallic MCrAIY, plasma-sprayed zirconia or EB-PVD zirconia [93]. The 
thermal life of the second-stage vanes was also determined, in the same tests, 
to be significantly increased by EB-PVD zirconia coatings. The EB-PVD 
process thus appears to give superior zirconia thermal barrier coatings for 
aerodynamic blade and vane surfaces, although plasma-sprayed TBCs are 
likely to continue to be used for combustors and other nonaerodynamic surfaces. 
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In general, zirconia TBCs are considered to fail predominantly either by 
oxidation or hot corrosion. Failure by oxidation occurs primarily with TBCs 
in aviation engines. Failure by hot corrosion is a problem when TBCs are 
applied in diesel engines or gas turbines burning low quality fuel containing 
corrosive impurities such as sulfur or, especially, vanadium. The mechanisms 
of attack for the two modes of failure are substantially different. 

8.7.1 Oxidative failure of plasma-sprayed zirconia thermal barrier coatings 

The primary cause of plasma-sprayed TBC failure under oxidation conditions 
is thought to be crack formation in the zirconia near the Zr02 -bond coat 
interface, induced by oxidation of the bond coat (see below). Nonetheless, 
reactions occur within the Zr02 layer itself during high temperature cyclic 
exposure and they too may contribute to the degradation of the TBe. 

Degradation of the zirconia layer 

Among the reactions that contribute to degradation of the zirconia layer are 
sintering and grain growth, thermal decomposition of the t' phase, and the 
t tetragonal-monoclinic phase transformation. Sintering is influenced by 
impurity levels (especially of Si02 ), and can improve strength [63], although 
TBC cycle life may in fact be strongly decreased by silica impurities [64]. 
Also, excessive amounts ofSi02 at the grain boundaries can decrease porosity 
and reduce the TBC creep life. Sintering of the zirconia granular columns 
was noted as a problem in developmental research on EB-PVD zirconia 
TBCs by Fritscher and Bunk [94]. Grain growth is detrimental because 
larger grains lead to spontaneous transformation of the tetragonal t phase, 
and so exacerbate the tetragonal-monoclinic transformation problem during 
thermal cycling. 

The role of the tetragonal-monoclinic transformation in determining TBC 
life remains unclear, at least quantitatively. Large concentrations of monoclinic 
phase in the TBC can undoubtedly be catastrophic, but small to moderate 
amounts of monoclinic phase may be tolerated. The data of Rigney et al. 
[37] show a general trend for coatings having the shortest life (40 h, 64% 
monoclinic) and longest life (1000 h, 97% tetragonal), yet some coatings with 
moderate monoclinic contents survived longer (660-700 h, 17 - 21 % monoclinic) 
than 100% tetragonal coatings (300-400 h, 100% tetragonal). Moreover, the 
tendency was for the monoclinic phase to decrease, and the tetragonal phase 
to increase, with thermal cycling. One coating described by Rigney et aI., 
which survived for 285 h, was originally 47% monoclinic and 53% tetragonal, 
but became 28% monoclinic and 72% tetragonal by the end of its cycle life. 
Conversion of monoclinic phase to tetragonal phase with thermal cycling 
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was also seen by Borom and Johnson [95]. However, as Rigney et al. and 
others have emphasized, there are numerous factors in plasma-spraying such 
as powder characteristics, spraying conditions, zirconia layer porosity, etc., 
that also strongly affect the stress state and spalling life of the Zr02 TBC. 
In some cases, these factors doubtlessly offset stress induced by the 
monoclinic-tetragonal transformation. Quantitative determination of the 
effect of the monoclinic-tetragonal transformation on TBC cycle life will 
therefore be difficult, except perhaps for comparisons using standardized 
plasma-spraying regimes. 

In high temperature thermal degradation, the nontransformable t' component 
of a TBC disproportionates over time into the low yttria, transformable t 
phase and the high yttria cubic phase. The TBC thermal spalling life is then 
reduced because the resultant t phase undergoes the t ~ m transformation 
during thermal cycling, which produces volume changes and stress within 
the TBC. However, the phenomenon has not been quantified, and no numbers 
can currently be put on the correlation between the extent of high temperature 
phase separation and the reduction in TBC thermal cycle capability. 

Borom and Johnson have recently postulated, on the basis of bimaterial 
dilatometry experiments, that a previously undetected phase transformation 
occurs at about 1000-1200 °c with Zr02-8 wt% Y 203 [95]. The transformation 
is not believed to be the high temperature t' phase degradation observed by 
Miller et al. [30], but rather to be 'the conversion of a lower-density, 
metastably retained, high-temperature, tetragonal structure to a higher
density, thermodynamically stable, tetragonal structure.' A change in the 
tetragonal phase field of the Y 203-Zr02 phase diagram is suggested as 
necessary to account for the newly revealed transformation. However, as 
noted by Borom and Johnson, further work is required to verify these 
observations. 

Bond coat oxidation in plasma-sprayed TBC failure 

Plasma-sprayed zirconia TBCs subjected to thermal cycling under oxidative 
conditions fail predominantly by spalling [96]. This has been shown for 
furnace tests, burning rig tests, and engine tests [96]. The spalling is caused 
by the formation of longitudinal cracks of a critical size that develop, after 
a certain number of thermal cycles, within the zirconia layer just above the 
bond coat interface. Specks of the bond coat oxide are generally found on 
the zirconia fracture surface, which suggests that some cracking occurs within 
the bond coat oxide [96, 97]. The extended zirconia cracks are believed to 
be formed by microcrack linkup and slow crack growth, which is driven by 
a coaxially compressive but radially tensile stress, generated at the zirconia - bond 
coat interface beause of thermal expansion mismatch and, especially, bond 
coat oxidation [5]. Interestingly, thermal stress caused by high heat flux 
across the TBC does not appear to be a major factor, provided that one uses 
the 'right' TBC composition. In 0.5 s, 3000°C plasma torch cycle tests by 
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Miller and Berndt [98], Zr02-8 wt% Y 203 withstood 3000 cycles with no 
sign of distress, whereas Zr02-12 wt% Y 203 was severely crazed after 250 
cycles and Zr02 - 20 wt% Y 2 ° 3 spalled after only 1 cycle. Thermal stress 
tolerance thus depends on the Y 203 concentration, and reducing the Y 203 
content from 20 wt% to 8 wt% evidently yields phase structures that provide 
microcracking, or other mechanisms, that can accommodate the thermal 
stresses generated even in aggressive TBC cycling. 

Considerable evidence indicates oxidation of the bond coat to be the 
primary generator of the stress that causes formation of the spall-inducing 
cracks within the zirconia at the bond coat interface. No spalling of the TBC 
occurs, for instance, when the thermal cycle tests are conducted in an inert 
argon atmosphere. Nor is there any significant change in weight. In contrast, 
a progressive weight gain, attributable to bond coat oxidation, is observed 
for TBC thermal cycle tests carried out in air. Often a critical weight gain 
of 3-6 mg/cm2, and therefore some critical thickness of the bond coat oxide, 
seems to be associated with the point of TBC failure. 

Miller has examined the relationship between weight gain and the effective 
strain at the zirconia-bond coat interface for TBC thermal cycle failure, and 
proposed an oxidation-based model for predicting thermal barrier coating 
life [99]. His results indicate that, although cycle frequency (i.e. cyclic heat 
stress) has an effect, the predominant factor is total time at temperature (i.e. 
bond coat oxidation). A finite element study supports the theory by indicating 
that the stresses induced at the rough zirconia-bond coat interface (required 
for plasma-sprayed TBCs) by thermal mismatch plus bond coat oxide growth 
would promote crack propagation, whereas no propagation should occur 
under thermal mismatch stress alone [100]. 

However, McDonald and Hendricks have reported 1040°C cyclic testing 
of Y 203 -Zr02 TBCs where cyclic stress was found to be more important 
than oxidation in causing TBC spalling [101]. Also, Brindley and Miller 
have recently shown that the 1150 °C isothermal oxidation behavior ofNi-35 
Cr-6 AI-0.95 Y, Ni-18 Cr-12 AI-O.3 Y and Ni-16 Cr-6 AI-O.3 Y (by wt%) 
does not correlate with their performance as bond coats in 1150°C cyclic 
testing of Zr02-7 wt% Y 203 TBCs [102]. The Ni-35 Cr-6 AI-0.95 Yalloy 
was the most oxidized but provided the longest TBC life, whereas the Ni -16 
Cr-6 AI-O.3 Y alloy was the least oxidized but gave the shortest TBC life. 
Brindley and Miller concluded that, although bond coat oxidation had a 
strong detrimental effect on TBC life, it was not the only bond coat factor 
affecting TBC life. The effect of bond coat (Co-32 Ni-21 Cr-8 AI-0.5 Y) 
oxidation on plasma-sprayed Zr02-8 wt% Y 203 TBC cycle life has been 
examined also by Wu et al., who propose that zirconia-bond coat interface 
cracking initiates at outgrowths of metal oxide composed mostly of Co(Cr, 
AI)204 (and therefore possibly weak) which extend into the Zr02 layer [97]. 

The kinetics of micro crack linkup and critical crack growth at the 
zirconia-bond coat interface are difficult to study for lack of a real-time, 
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nondestructive analytical technique. One innovative approach has been to 
monitor the sound produced by the cracking processes via acoustic emission 
(A E) as explored by Berndt, Herman and Shankar, and reviewed by Berndt 
[103]. Acoustic emission was coordinated, at least qualitatively, with both 
TBC adhesion and TBC thermal cycle tests. AE count rates were found to 
increase, for example, with bond strength in TBC adhesion tests. Acoustic 
emission also indicated that bond coats confer toughness on TBCs because 
the AE count data showed high peaks, few events (large cracks occurring) 
when no bond coat was used, but low peaks, many events (only microcracking) 
when a bond coat was present. Acoustic emission data are complex and 
difficult to interpret, but the technique provides information not available 
by other means. 

8.7.2 Oxidative failure of EB-PVD thermal barrier coatings 

EB-PVD thermal barrier coatings are sufficiently new that little has been 
reported on their mechanism of failure under thermal cycle oxidation 
conditions. The principal results available are by Meier et al. [89]. They 
found that, whereas plasma-sprayed TBCs failed by cracking in the zirconia 
layer near the zirconia-bond coat interface, EB-PVD coatings failed by 
cracking at the interface between the thermally grown oxide (TGO) which 
forms on the bond coat and the bond coat itself. In addition, Meier et al. 
observed that an inelastic deformation of the zirconia layer occurred with 
plasma-sprayed TBCs during thermal cycling, but that the zirconia layer in 
EB-PVD TBCs remained elastic (presumably because of its columnar 
structure), with the life-limiting factor for EB-PVD TBCs appearing to be 
strain that developed in the thermally growing bond coat oxide. 

From these observations, Meier et al. developed a life prediction model 
for EB-PVD thermal barrier coatings which was based (1) on predicting the 
rate of growth for the thermally grown oxide on the bond coat surface, and 
(2) on calculating the maximum in-plane TGO tensile mechanical strain that 
results from the thermal oxide growth. Tests in the investigation showed the 
model to predict the rate of TGO growth to within about 20%, and the 
thermal cycle life of EB-PVD coatings to within ± 2X. 

8.7.3 Corrosive failure of thermal barrier coatings 

Although we are concerned with TBC hot corrosion, yttria-stabilized zirconia 
(YSZ) in fact appears to be more corrosion resistant than the MCrAIY and 
aluminide metallic coatings commonly used on gas turbine airfoils. This has 
been shown in aircraft engine [72] and ship propulsion engine trials [104], 
in burner rig hot corrosion tests [105], and in general experience with TBCs 
in marine diesels [8]. Hot corrosion of YSZ thermal barrier coatings is not 
expected to be a problem in aircraft engines burning aviation quality 
(> 0.05 wt% S, 0 wt% V) fuel. 
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Calcia- and magnesia-stabilized zirconia, on the other hand, have more 
tendency to react with combustion gas S03 than YSZ, and possibly may be 
attacked under aviation service conditions. Formation of CaS04 (and thus 
depletion of CaO from Zr02 matrix) has been noted with CaO-Zr02 TBCs 
used on aviation combustors in the past [106]. Reaction of magnesia
stabilized zirconia (MSZ) coatings with combustion gas S03 in aircraft 
engines, if it occurs, is not well known. In any event, the current trend is to 
move away from the use of cal cia- or magnesia-stabilized TBCs in aircraft 
gas turbine engines. 

Hot corrosion of Zr02-based TBCs becomes a problem when low quality 
fuels containing appreciable levels of sulfur, and especially vanadium, are 
used. Most information available on TBC hot corrosion originates from TBC 
applications in marine diesel engines, or from u.s. DOE-sponsored research 
initiated during the fuel crises of the 1970s to examine the compatibility of 
thermal barrier coatings with low quality, or 'alternate source' coal
or shale-derived fuel. K vernes conducted much of the early marine diesel 
work, which he has covered in his publications and reviews [8, 50]. The DOE
sponsored reasearch has been mostly reported in the proceedings of the 1979, 
1982,1987,1990 and 1992 conferences on coatings for advanced heat engines, 
organized by J. Fairbanks of DOE and (for the earlier conferences) 1. Stringer 
of the Electricity Producers Research Institute (EPRI). Much of the early 
work aimed at the use of TBCs in electric utility gas turbine engines was 
reviewed by Miller [107]. More TBC corrosion performance data are now 
becoming available, as engine manufacturers, TBC vendors and others again 
begin to explore TBCs for corrosive environments. 

Hot corrosion of stabilized Zr02 TBCs is mainly driven by reaction 
between the fuel contaminant oxides (Na20, S03' V20 S etc.) - produced by 
oxidation of Na,V,S fuel impurities during combustion - and the oxides 
employed to stabilize the zirconia (Y203' MgO). Formation of MgS04 by 
reaction with S03' for example, removes the MgO stabilizer from the Zr02 
matrix, and so causes destabilization and failure of the TBC. The corrosion 
reactions appear to be mostly determined by Lewis acid-base oxide 
interactions [108]. The literature of the hot corrosion reactions of TBCs has 
been briefly reviewed by Jones [109], who has also described some aspects 
of the development of hot corrosion-resistant TBCs [110]. 

Hot corrosion studies of TBCs have been made by numerous groups 
around the world, and generally good agreement is seen. Data and observations 
taken mostly from the work of Bratton et al. [31, 111 ] are given here as an 
illustrative example. In 800 °C (metal temperature) burner rig tests using GT 
No.2 fuel doped with various levels of Na, V, P, Ca, Fe, Mg and S, Bratton 
et al. found MgO-stabilized Zr02 to be attacked and destabilized by 

ZrOz{MgO) + S03(g)-Zr02 (monoclinic) + MgS04 (8.1) 

For fuels containing no Mg, destabilization of MgO-stabilized Zr02 occurs 
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also by reactions of the type: 

ZrOz{MgO) + V20s(l)~Zr02 (monoclinic) + Mg3V20 S (8.2) 

When both V20 S and S03 are present, they compete for reaction with the 
MgO stabilizer, much as is the case when MgO inhibitors are used with V
and S-containing fuels [112], and destabilization may occur by either MgS04 
or Mg3 V 20S formation, depending upon the specific S03 and V 20S chemical 
activities in the corrodent melt. 

For Y 203-stabilized Zr02 TBCs, Bratton et al. concluded the destabilization 
reaction (when both Mg and V are present in the fuel and form Mg3 V 20S) to be 

Zr02(Y20 3) + Mg3V20s~Zr02 (monoclinic) + 2YV04 + 3MgO (8.3) 

In the absence of Mg in the fuel, the destabilization reaction as determined 
by Kvernes [38], Hamilton and Nagelberg [47], and others is simply 

Zr0z{Y20 3) + V20S~Zr02 (monoclinic) + 2YV04 (8.4) 

Details of the specific course of reaction of V20 S with YSZ, as well as the 
diffusion behavior of V and Y within the YSZ matrix, are given by HertI 
[113]. The crystallographic aspects of the reaction of V 2 ° S with Y 2 ° 3 -stabilized 
Zr02 have also been examined by transmission electron microscopy by 
Susnitzky et al. [114]. 

Note that reactions 8.3 and 8.4 indicate Y 203 to be a stronger base than 
MgO; that is, the stronger base, Y 203' displaces the weaker base, MgO, from 
reaction with acidic V20 S by 

(8.5) 

Reaction ofY 203 with S03 in the presence ofNa2S04 to give destabilization 
of YSZ is possible, as shown by Pettit and Barkalow [115], via the reaction: 

Zr0z{Y20 3) + 3S03 (+ Na2S04)~ Y2(S04)3 (in Na2S04 soln) (8.6) 

A relatively high S03 partial pressure is required, however, and in general, 
yttria-stabilized zirconia TBCs will tend to resist sulfur degradation but be 
susceptible to vanadium degradation. On the other hand, magnesia-stabilized 
zirconia is more susceptible to sulfur degradation, but probably superior to 
YSZ in resistance to attack by V20 S' as indicated by reactions 8.3 to 8.5. 

No reaction of Zr02 itself with V 20S or S03-Na2S04 is normally detected 
in the hot corrosion of TBCs. However, Bratton et al. [111] found that 
reaction ofZr02 may occur when phosphorus is present as a fuel contaminant. 
(Petroleum fuels tend to contain little phosphorus, but phosphorus may be 
found in alternative fuels such as derived by coal liquefaction.) Destabilization 
of YSZ by P 2 ° S occurs by the reaction: 

ZrOz{Y20 3) + P20S~Zr02 (monoclinic) + 2YP04 (8.7) 
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When sodium is present, Bratton et al. report that there can also be reaction 
of the Zr02 by 

8Zr02 + 4Na + O2 + 6P20 S -4NaZr2(P04 )3 (8.8) 

Jones [l1OJ has demonstrated that Zr02 reacts readily with P 205 by the reaction: 

(8.9) 

Note that while both P20 S and V20 S are classed as acidic oxides, P20 S 

reacts strongly with Zr02> whereas essentially no reaction is seen between 
V20 S and Zr02. Reaction 8.9 of acidic P20 S with 'acidic' Zr02 appears to 
be an exception to the hypothesis that TBC hot corrosion is mainly controlled 
by Lewis acid-base oxide reactions where basic and acidic oxides interact, 
but little reaction occurs between oxides of nearly equivalent acidic strength 
[108]. However, the acid-base reaction influence may be overridden in this 
case by other factors such as lattice energy; instances of this happening were 
reported by Dent-Glasser and Duffy in their studies of acid-base reactions 
between oxides and oxysalts [116]. 

A recent development in TBC hot corrosion has been concern with silicates 
derived from desert sand as a threat to aircraft engines using TBCs at very 
high (> 1200 0c) temperatures. Stott et al. [117J have studied the attack of 
various desert sand melts and silicate glasses at 1400-1600°C on specimens 
of both APS and EB-PVD Zr02-8 wt% Y 203. Two mechanisms of attack 
were identified, depending primarily on the amount of CaO in the melt. 
Although both Zr02 and Y 203 were extracted from the YSZ by low CaO 
melts, proportionately more Y Z03 was extracted, and the YSZ became 
partially monoclinic because of Y 203 depeletion. In the high CaO melts, less 
YZ0 3 was extracted, and there was diffusion of CaO into the ZrOz matrix; 
the net effect was that the YSZ tended to remain in the tetragonal structure. 
But substantial damage to the YSZ ceramic resulted in both cases. 

With the exception of high temperature silicate attack, virtually all TBC 
hot corrosion to date has been diagnosed as resulting from reaction between 
the corrodent oxides (V zOs, S03-NaZS04 ) and the zirconia-stabilizing oxide. 
Damage by other mechanisms such as corrosion of the bond coat by salts 
penetrating the ZrOz layer, or freeze-thaw cracking by molten deposits in 
the ZrOz pores, has been seldom documented, apart from a few exceptions 
[107, 118, 119]. In fact, Nagaraj et al. [105J specifically note that there was 
no penetration of salt into the TBC, nor corrosion of the underlying bond 
coat, in burner rig tests of plasma-sprayed and EB-PVD yttria-stabilized 
zirconia TBCs at 1300 OF (700 0c) (2 wt% S, 10 ppm sea salt) and 1700 OF 
(925°C) (0.4 wt% S,5 ppm sea salt). This was true even for EB-PVD coatings 
which had been feared to be possibly prone to salt infiltration down the 
intercolumnar porosity. Similarly, in aircraft engine tests of YSZ thermal 
barrier coatings, no infiltration of salt through the TBC (although Na2S04 

was found on the TBC surface) nor bond coat corrosion was detected despite 
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engine gas pressures of approximately 10 atm (1 MPa) and corrosion conditions 
aggressive enough to significantly hot corrode aluminide coatings on adjacent 
second-stage HP vanes [72]. On the other hand, Strangman and Schienle 
report that they have observed salt deposit penetration into the TBC zirconia 
in certain tests [120]. 

One would intuitively expect molten deposits to penetrate the porous 
zirconia layer of TBCs, especially if the deposits were heavy and perhaps of 
a certain composition (V 205-rich vanadate-sulfate melts are particularly 
wetting, for example). If no penetration is observed, this implies that the 
deposits are not heavy, or for some reason not sufficiently molten and wetting. 
There could also be a problem in detection; moderate hot corrosion of the 
bond coat could be manifested, for instance, only as an increased bond coat 
'oxidation' rate, with no unique corrosion phase being discernible. Also, if 
bond coat corrosion is found at a Zr02 spall site, it is difficult to ascertain 
whether the corrosion occurred before, or after, Zr02 spallation. 

8.8 ALLEVIATION OF TBC HOT CORROSION 

The approaches taken to alleviate TBC hot corrosion are relatively few, and 
have centered mostly on the development of corrosion-resistant stabilizers 
such as Ce02 [67J, and possibly SC20 3 [69J and In20 3 [70]. Chu and Rohr 
[121J have proposed adding Si02 and Al20 3 to YSZ so that the ZrOiY 203) 
crystallites are enveloped and protected by zirconium and aluminum silicates. 
This solution may be compromised, however, by the now known deleterious 
effect of silica on the thermal cycle life of Y 203-Zr02 TBCs [64]. A recent 
idea is to use additions of a yttrium acetonylacetonate complex to the fuel 
to inhibit hot corrosion by sulfur- and vanadium-containing fuels [122]. This 
treatment has the potential to protect yttria-stabilized zirconia better than 
the normal MgO treatment of vanadium-containing fuels, which tends to be 
ineffective because the 'inert' salt, Mg3 V 20S' formed in MgO inhibition can 
react with the Y 203 stabilizer in YSZ as shown in reaction 8.3. 

Densification of the upper Zr02 surface by seal coats or laser glazing also 
has frequently been advocated as a means for improving TBC hot corrosion 
resistance. Seal coats generally suffer from having unavoidable pinholes. In 
burner rig tests using S- and V-contaminated fuel, Nagaraj and Wortman 
[123J found, for example, that whereas A120 3, Hf02 or Pt sputtered seal 
coats did not suffer corrosion themselves, there was corrosion of the zirconia 
beneath the seal coat in each case, indicating penetration of the molten 
deposit through seal coat pinholes. Laser-glazed TBC surfaces normally 
develop shrinkage cracks upon cooling that spoil the imperviousness of the 
surface. However, Petitbon et al. [124J have shown that spraying alumina 
powder into the laser beam during surface melting avoids shrinkage cracks, 
and produces a surface that is resistant to hot corrosion attack itself, and 
which reduces molten deposit penetration into the TBC body. Although 
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initial tests were only at 400-500·C and therefore not strongly corrosive, 
penetration of S and V into the laser-glazed TBC was much less than for an 
as-sprayed TBC. Informative papers on the formation and thermal stability 
of the tetragonal t' phase in laser-sealed Zr02-8.5 wt% Y 203 TBCs [125], 
and on pulsed laser sealing of Y20 3-Zr02 TBCs [126], have also been 
published recently by West et al. Surface densification by electrical biasing 
during the last stages of EB-PVD has been reported as another means for 
reducing molten deposit wicking into the TBC [120]. As regards improvement 
in corrosion life, one should note, however, that Hertl [113] found single-crystal 
YSZ (i.e. analogous to dense, laser-glazed YSZ) to be as readily corroded by 
V 205 as polycrystalline YSZ. 

8.9 FUTURE USES AND TRENDS FOR ZIRCONIA TBCs 

The primary areas of usage for TBCs in the future will probably continue 
to be in engines, particularly gas turbines and diesels. Since the requirements, 
and indeed prospects, for TBCs in these two engine types are different, they 
will be discussed separately. 

8.9.1 Thermal barrier coatings for aviation and industrial gas turbines 

Zirconia-based thermal barrier coatings are currently a vital part of aviation 
gas turbine technology. They are widely used on static components such as 
combustion chambers, fuel vaporizers, transition ducts, afterburner flameholders, 
vane platforms and airfoils. In these applications, their benefits in extending 
component service life, in increasing engine durability and in reducing 
operating costs have been well established. No modem aero gas turbine can 
be competitive without thermal barrier coatings. 

Future research and development with aviation TBCs will undoubtedly 
involve a continued optimization of processing and material compositions 
for both the bond coat and Zr02 ceramic. Thermal barrier coatings are 
highly processing and composition intensive; that is, their properties depend 
critically upon processing and composition in ways not easy to foresee. The 
success of TBCs in aviation engines, for example, is primarily due to the 
large increase in thermal cycle life that occurs at the unique composition of 
6-8 wt% Y 203 in YSZ coatings, but this composition could not be predicted 
a priori, and was found only through developmental research. New coating 
techniques, or modifications of old methods, may be important. Miller and 
Brindley [73] have recently reported a new plasma-spraying procedure, 
whereby depositing the initial Zr02 by low pressure plasma-spraying (which 
allows high substrate preheat and plasma gun power) and then the remainder 
of the Zr02 layer by air plasma spraying, it is possible to successfully deposit 
plasma-sprayed TBCs on smooth substrates. According to Miller and 
Brindley, this method improves thermal cycle life by eliminating the rough 
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ceramic-bond coat interface, while retaining the high thermal insulation 
properties and low production costs of plasma-sprayed TBCs. And, they 
believe, the method might even allow the omission of the bond coat on highly 
oxidation-resistant substrates. 

The ultimate goal of engine manufacturers is to use TBCs, at their full 
thermal advantage, on the rotating blades of gas turbines. It is estimated 
that this could provide savings of as high as 10 million gallons per year of 
fuel for a fleet of 250 aircraft [93]. Producing TBCs that can be relied upon 
to operate for at least some fixed number of hours without catastrophic 
spalling or other failure is the problem. A NASA-sponsored study on thermal 
barrier coating life prediction was completed recently by Meier et al. [89]. 
Their report suggests that EB-PVD TBCs have several advantages for life 
prediction: (1) their structures are uniform and reproducible (i.e. they have 
a smooth ceramic-bond coat interface, and the Zr02 is composed of highly 
oriented, and uniformly sized and spaced columnar grains); (2) under thermal 
cycling the Zr02 layer remains apparently unaffected and elastic, and its 
adhesion to the bond coat is not critically degraded; and (3) the single 
life-limiting mechanism appears to be bond coat oxide growth which, because 
it occurs on a smooth surface under largely controlled conditions, should 
have a predictable growth rate. Models developed by Meier et al. were in 
fact successful in predicting oxide growth to within 20%, and TBC life to 
within ± 2X. So the task of developing a TBC with a reliable engineering 
lifetime for blade airfoils remains daunting, but there are indications that it 
may not be impossible. 

Another area of future development in gas turbine TBCs is likely to be 
hot corrosion-resistant thermal barrier coatings, which would allow TBC 
advantages of durability and fuel economy in industrial gas turbines burning 
low quality fuel, or in military tank or ship gas turbines which may be forced 
to use low quality or contaminated fuel in wartime action. There will also 
be an emphasis on finding thermal barrier coatings with better high 
temperature stability than the present Y 203-Zr02 TBCs, which are limited 
to temperatures below 1200 °C because of the thermal instability of the YSZ 
tetragonal t' phase. 

8.9.2 Thermal barrier coatings for diesel engines 

There are large incentives for applying TBCs in diesel engines in prospect 
of improving fuel efficiency. In the United States, for example, approximately 
3000000 barrels of diesel fuel per day were used for diesel engine powered 
transportation in 1987 [127]. A 5% improvement in fuel economy would 
yield more than $1.5 billion per year in fuel cost savings. To reduce highway 
fuel consumption, the U.S. Department of Energy established an advanced 
heavy-duty diesel engine program which has as one goal the development 
of a demonstration truck transportation diesel engine, the LHR-25 (where 
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LHR stands for low heat rejection), having a specific fuel consumption of 
0.25Ib/BHP h (42 kg/GJ) [127]. This engine is intended to use not only 
thermal insulation, but also advanced technologies in lubrication, combustion 
and thermomechanical systems to achieve the 0.25Ib/BHP h (42 kg/GJ) goal, 
which is about 25% better fuel economy than given by current truck diesels. 

Substantial controversy has arisen, however, as to how much, or even 
whether, TBCs actually improve fuel economy in diesels. In early U.S. 
Army-sponsored research, an Army five-ton truck engine was converted to 
adiabatic operation by application of zirconia coatings and other modifications 
and, when driven from Detroit to Washington D.C., exhibited an increase 
in fuel economy from about 6 mpg to 9 mpg (2.5 km/l to 3.8 km/l) [128]. The 
engine was run without radiator, water pump or fan, and used only oil 
cooling. Power from the exhaust gas was recovered by a turbocompound 
system geared to the crankshaft. However, subsequent U.S. laboratory engine 
studies indicated fuel economy improvements of only 2-4% for TBCs in 
diesels [129], and it was reported that a later analysis attributed the near 
50% increase in fuel economy for the Army diesel engine to the reduction 
of parasitic cooling losses, and to other engine and drivetrain modifications, 
with only 1% being from thermal insulation [129]. (Note however that in a 
1991 publication, the developers of the Army adiabatic diesel state the engine 
to have shown an approximately 5% improvement in fuel economy on the 
dynamometer and, more importantly in their view, a conclusive 16-38% 
superiority in fuel economy over conventional water-cooled engines in vehicle 
road tests [85].) No benefit in fuel economy at all was seen in another set 
of TBC developmental experiments [81]. 

Worse than this, the use of TBCs was found actually to increase fuel 
consumption in diesel engines in European tests. According to Woschni et 
al. [130, 131], this occurs because the heat transfer coefficient h increases 
rapidly as the cylinder gas temperature rises; this controls the heat flux 
between the engine gas and combustion chamber walls according to the equation: 

(8.10) 

where 4 is the heat flux, h is the heat transfer coefficient, T is the engine gas 
temperature and Tw is the wall temperature. At high temperature and under 
heavy load, the heat transfer coefficient becomes so large that it overrides 
the reduction in the (T- Tw) factor, and heat flux to the combustion chamber 
walls is in fact greater than for an uninsulated engine. Laboratory engine 
tests of brake specific fuel consumption (BSFC) versus engine load by Woschni 
et al. indicate the BSFC of an insulated engine to be slightly improved at 
low engine load, but to be degraded by 6-7% at the highest engine loads 
[130]. Woschni et al. believe that the heat transfer coefficient increases with 
temperature mainly because, as the combustion chamber temperature rises, 
the combustion flame quenches closer to the combustion chamber wall. This 
brings high temperature sources nearer to the wall, and effectively reduces 
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the thickness of the thermal boundary layer at the wall surface, so that the 
thermal gradient (and thereby the heat flux) at the combustion chamber wall 
is actually higher for insulated engines than for uninsulated engines. Therefore, 
Woschni et al. conclude that it is 'practically impossible to obtain a gain in 
fuel consumption by insulation measures.' 

As might be imagined, the results and theories by Woschni et al. have had 
a tremendous impact in the diesel TBC community. The Woschni effect was 
the topic of a panel discussion at the 1988 ASME conference in New Orleans 
[132J, and has been addressed in a review by Fairbanks [133]. The crucial 
point seems to be that both combustion and heat transfer occur at, or very 
near, the combustion chamber walls. Therefore, the combustion processes 
may affect heat transfer - the viewpoint espoused by Woschni et al. - or 
the heat transfer factors (i.e. the high wall and combustion chamber 
temperatures) may affect combustion. With regard to flame impingement 
reducing the thermal boundary layer so as to increase heat transfer, Morel 
points out that (1) the flame adjoins any given surface for only a very short 
fraction of the time of the total diesel cycle, and (2) if the increase in heat 
transfer results only from thinning of the thermal boundary layer, this implies 
that 'the thermal boundary layer would have to be thinner by a factor of 
625 at all surfaces and at all crank angles' [132]. Woschni responds to these 
issues by maintaining that, although the increase in the heat transfer 
coefficient may be of short duration, it is so large that it nonetheless affects 
heat transfer over the total engine cycle. A possible factor here may be the 
'rate of recovery' of the thermal boundary layer after it has been thinned by 
momentary impingement of the flame front. 

The alternative possibility, i.e. that the hot walls and high temperatures 
in the combustion chamber of an insulated engine may adversely influence 
the combustion process, has been investigated by Alkidas [134]. In laboratory 
engine tests, Alkidas was able either to duplicate the results of Woschni et 
al., wherein the BSFC is improved at low load but worsened under heavy 
load, or to obtain sustained improvement in the BSFC over the entire load 
range simply by increasing the air consumption. Alkidas suggests therefore 
that the cause of the deterioration in fuel economy in insulated engines is 
adverse combustion brought about by insufficient air-fuel mixing. Moreover, 
Alkidas showed that high heat losses (greater than from the uninsulated 
engine) began to occur at about the same load point that the BSFC 
deteriorated in the engine suffering adverse combustion. Alkidas does not 
explain, however, nor is it obvious, why the heat rejection rate should increase 
as combustion deteriorates. This question needs to be resolved if deterioration 
of combustion is to be accepted as the total cause of the Woschni effect. 

Findings reported recently by Kawamura are also indicative of combustion 
degeneration caused by high engine temperatures [135]. In this case, 
monitoring of the combustion process in an engine fitted with a quartz 
window revealed that fuel injection was being impaired so that the jet of fuel 
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did not mix properly with the combustion air. This resulted in adverse 
combustion and soot formation. The injection problem was presumed to be 
caused by increased viscosity of the air, brought about by the high 
temperatures and pressures within the combustion chamber. Use of a swirl 
type precombustion chamber was said to remedy the fuel-air mixing problem 
and to allow up to 5% improved thermal efficiency; it also reduced HC and 
NOx emissions from the insulated engine. 

It cannot yet be concluded that the Woschni effect has been resolved, and 
further research is unquestionably merited, both for the obvious technological 
importance and for scientific curiosity. It may be appropriate to note here 
that there is no evidence of the W oschni effect with TBCs in gas turbines. 
The application of properly engineered zirconia TBCs to combustor cans, 
vanes, air-cooled blades, etc., invariably has been found to reduce heat transfer 
to the substrate, therefore lowering the temperature of the substrate metal 
(for all other conditions remaining the same). The reason for this is that the 
combustion and critical heat transfer effects are separated in gas turbines, 
with combustion occurring in combustor cans (which are designed so that 
flame does not impinge upon the TBC-coated combustor walls), and the 
critical heat transfer processes taking place at the vane and blade surfaces. 

In the midst of the turmoil on TBC fuel economy effects, there have been 
accounts of long-term field service tests of thin (> 0.5 mm or 0.020 in.) TBCs 
in towboat diesels [136J, natural gas engines in pipeline pumping stations 
[137J and bus diesel engines [138J, in which improved fuel economies of 
10% or more were reported. Several other instances of reported fuel economy 
improvements of 5-15% in field service or in engine tests are cited in the 
review papers by Hoag [129J and Fairbanks [133]. Such tests have been 
criticized as not being well controlled (in one case, the engine was overhauled 
at the same time the TBCs were applied) or as being improperly interpreted, 
but taken in sum they represent accumulated experience that should not 
necessarily be totally discounted. The towboat engine tests demonstrated, 
for instance, that thin TBCs could successfully survive 14000 h of diesel 
service with little damage [136]. It must also be acknowledged that small 
variations in TBC parameters can have effects that are difficult to anticipate. 
For example, in the engine tests by Assanis et ai., TBCs of 0.5 mm (0.020 
in.) thickness gave 2-3% efficiency gains at low rpm, whereas 1.0 mm TBCs 
gave only equal or worse efficiency than the baseline metal engine across the 
entire rpm range [139]. One of the most recent reports on TBC fuel effects 
indicates that a 4.6% increase in fuel economy was achieved using a thick 
(3.5 mm or 0.140 in.), sealed-surface TBC under turbocompound engine test 
conditions [140]. An accurate analysis of TBC effects in diesel combustion 
is still hindered, as discussed above and as pointed out by Hoag [129J, by 
lack of an adequate understanding of in-cylinder heat transfer mechanisms, 
including the role of the thermal boundary layer. 

Beyond fuel economy, there are many other benefits that are cited as being 
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conferred by TBCs in diesel engines. They include superior corrosion 
protection against low quality fuels, better heat management and avoidance 
of hot spotting, easier starting and smoother running, reduced cetane 
requirements and increased power [7, 138]. Because of these cited benefits, 
an industry of some size now exists which applies after-market TBCs to land 
and marine diesel engines. One major U.S. diesel engine company also 
presently features thermal barrier coatings on the cylinder heads, valves and 
piston domes of its high performance series of 2500 hp (1.9 MW) off-road 
engines [141]. 

Another critical, and equally controversial, property of TBCs is their effect 
on emissions from diesel engines. Since TBCs raise the combustion chamber 
temperature, an initial assumption would be that TBCs should reduce soot, 
unburned hydrocarbon and CO emissions, but raise NOx emissions since 
the formation of NOx increases rapidly with temperature. However, results 
from laboratory and engine tests have been variable. Assanis et al. [139] 
found slightly increased smoke levels with 0.5 mm TBCs (although both 
initial and TBC-affected smoke levels were very low), and they cite other 
laboratory engine research papers where TBCs gave increased soot and 
smoke formation. On the other hand, significant decreases in both soot and 
smoke, as well as BSFC improvements, were observed by Alkidas when the 
insulated engine configuration was adjusted to give proper air-fuel mixing 
[134]. Road tests ofTBCs in certain bus diesel engines have also been reported 
as positive, and TBCs are scheduled to be installed in the engines of some 
community bus systems to reduce soot and smoke pollution [138]. The 
critical question of NOx formation in TBC-fitted engines is equally or more 
uncertain, with several in-service and laboratory tests showing NO x reduction 
[135,137-139], whereas various other studies revealed increases in NO x 

emission [133,142]. Winkler et al. hypothesize that TBCs may reduce NO x 

emissions by altering the combustion process so as to in fact lower the peak 
temperature (and therefore NO x formation) that occurs in the diesel cycle 
[138]. 

The future of thermal barrier coatings in diesel engines - particularly as 
to whether they will be routinely used in the millions of highway truck and 
bus diesel engines - is difficult to assess. The wide discrepancies found in 
research results to date on the effect of TBCs on fuel economy and engine 
emissions are discouraging. On the other hand, diesel combustion in engines 
fitted with thermal barrier coatings is a complex process (K vernes and 
Lugscheider mention a count of some 150 variables affecting deposition of 
the Zr02 coating alone [143]), and it is not unreasonable to expect that 
continued optimization of the TBC, and of the diesel engine for TBC usage, 
would yield real and consistent TBC benefits, including fuel efficiency and 
possibly reduction in particulate and gaseous emissions. Much depends, of 
course, upon the world fuel situation; if fuel shortages develop once again, 
the appeal of diesel TBCs will undoubtedly increase. 
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Pack cementation diffusion coatings 
Robert Bianco and Robert A. Rapp 

9.1 PRINCIPLES AND HISTORY 

9.1.1 Introduction 

Pack cementation is an in situ chemical vapor deposition (CVD) batch process 
that has been used to produce corrosion- and wear-resistant coatings on 
inexpensive or otherwise inadequate substrates for over 75 years [1]. The 
traditional pack consists of four components: the substrate or parts to be 
coated; the masteralloy (i.e. a powder of the element or elements to be 
deposited on the surface of the parts, such as Cr and/or AI, Cr and/or Si); a 
halide salt activator or energizer (e.g. NaCI, NaF, NH4 CI, etc.); and a relatively 
inert filler powder (e.g. A120 3, Si02, or SiC). The masteralloy powder, the 
halide salt activator, and the inert filler are mixed thoroughly, and the parts 
to be coated are buried in this mixture within a heat-resistant retort. 
Commercially, inversely stacked Inconel boxes are used as the retort. Inversely 
stacking the boxes creates pathways for the inert carrier gas. Depending on 
the size of the parts to be coated, the retort size ranges from small boxes 
approximately 35 cm x 35 cm x 35 cm to larger boxes approximately 
90 cm x 90 cm x 50 cm. As an inlet for the carrier gas, an Inconel tube is 
attached to the outer box of the retort. The assembled retort is then sealed 
with fusible silicate. Experimentally, a cylinder of commercially pure alumina 
(AI20 3) with one end closed is used as the retort. The alumina retort size 
ranges from small cylinders approximately 5 cm outer diameter by 10 cm 
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long to larger cylinders approximately 10 cm outer diameter by 20 cm long. 
The alumina retort is closed by an alumina lid and sealed using an 
alumina-base cement. The sealed retort is induction or resistance heated to 
a high temperature (e.g. 800-1100 0c) while protected internally by an inert 
or reducing atmosphere. Depending on the size of the retort, heating rates 
typically vary over the range 4-12 h. At the elevated temperature, the 
masteralloy reacts with the halide salt activator to produce volatile metal 
halides that diffuse through the gas phase of the porous pack, such that they 
deposit and diffuse into the substrate. The process temperature is so chosen 
that both adequate halide vapor pressures are generated and solid-state 
diffusion occurs. Because generally the vapor pressures of the volatile halides 
for different elements differ greatly in magnitude (for a given halogen activity), 
the deposition of only one element is usually attempted, i.e. only aluminizing, 
or chromizing, or siliconizing, etc. However, recent process advances permit 
codeposition of two or more elements. The chemistry and kinetics of pack 
cementation are discussed in section 9.3. 

9.1.2 Aluminizing 

Aluminizing of heat-resistant alloys was invented by Van Aller in 1911 [2]. 
The original process consisted of placing pieces of Fe or Cu in a powder 
mixture of AI, NH4Cl and graphite which was then heated to 450°C for 2 h 
followed by a postdeposition interdiffusion treatment at 700-800°C. The 
resulting coatings comprised either an AI-rich surface composition or an 
intermetallic compound, depending on the substrate, the halide salt activator, 
and the chemical potential of the Al source. Aluminizing was initially used 
to coat Fe wire or ribbon for heating elements and to coat Cu tubes for use 
in steam power plants. The formation of a protective Al20 3 scale resulting 
from elevated temperature exposures in air contributed to the enhanced 
oxidation resistance. However, until its use for gas turbine vane airfoils in 
1957 [3], the development and application of aluminizing was not well 
documented. 

For the coating of Ni- and Co-base superalloys, the microstructures of 
aluminized surfaces have been categorized as low or high activity processes 
based on the relative chemical activity of the Al source and the mechanism 
of the coating growth [4, 5]. For Ni-base alloys, high activity aluminized 
coatings are produced from a powder pack mixture containing a pure Al 
source (unit thermodynamic activity) heated at 700-900°C. Because of the 
large Al chemical potential gradient, the inward-grown coating consists of 
an Ni2Al3 matrix with a dispersion of Cr- and Mo-rich precipitates, 
refractory-rich MC carbide particles and a number of other substrate elements 
dissolved in solid solution (e.g. Ti, Co, Cr, Mo, Nb, W, Hi). The growth rate 
is controlled by the inward diffusion of Al through Ni2A13. A subsequent 
interdiffusion treatment at 1000-1100°C is used to transform the Ni2Al3 
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coating into a hyperstoichiometric (AI-rich) f3-NiAI phase. This transformation 
involves both the inward diffusion of Al from the AI-rich NizAl3 phase and 
the outward diffusion of Ni from the Ni-base substrate. In addition, an 
intermediate region or interdiffusion zone results from this transformation, 
as is discussed later. 

The low activity aluminizing process for superalloys is produced from a 
pack powder mixture containing a binary aluminum alloy powder source of 
reduced chemical activity, e.g. Ni-AI, Fe-AI, or Cr-Al. The vapor pressures 
of the aluminum halide species generated by the low activity pack are 
significantly lower, and thus higher temperatures (1000-1150 0c) are required 
to produce aluminized coatings comparable to those from a high activity 
process. In fact, the higher temperature supports the simultaneous growth 
of the coating, since solid-state diffusion is the dominant rate-controlling 
step. The low activity process provides the necessary chemical potential 
gradient for vapor transport and coating growth, but since the chemical 
activity of the source is reduced, the resultant coating is an outward-grown, 
hypo stoichiometric (Ni-rich) f3-NiAI phase. The dominant diffusing element 
in the Ni-rich f3-NiAI phase is Ni [6]. Other alloying elements also diffuse 
outward and remain in solid solution or precipitate as second-phase particles 
in the f3-NiAI matrix. Aluminide coatings on Co-base alloys are produced 
by an analogous pair of processes. 

Two observations should be noted about the low activity process. Because 
Ni has a higher mobility in the Ni-rich NiAI coating, Kirkendall voids are 
formed in the metal beneath the coating-substrate interface by condensation 
of the countercurrent flux of vacancies created to balance the unequal fluxes 
of Ni outward and Al inward. Kirkendall voids are forms of microscopic 
porosity in a material resulting from the supersaturation of vacancies, i.e. 
vacancy concentration exceeds equilibrium vacancy concentration. Kirkendall 
voids will form unless a mechanism for their annihilation exists. For a pure 
Ni substrate, Kirkendall voids are frequently observed, whereas no voids are 
observed in coated Ni-base superalloy substrates because the annihilation 
of vacancies occurs at the interfaces in the multiphase interdiffusion zone 
(Fig. 9.1a). Depending on the superalloy composition, the interdiffusion zone 
is comprised of long blocky MC-type or Mz3C6-type (M = Ti, Nb, Mo, W, 
Hf, Ta) carbides near the original substrate surface and platelet or acicular 
IT-phase particles rich in Cr, Mo and Co (Fig. 9.1 b). The interdiffusion zone 
results from the outward diffusion of Ni and from both the diffusion of C 
from the bulk alloy and the degeneration of carbides below the coating. 
Carbon reacts with the refractory metal alloying elements in the zone depleted 
of Ni, precipitating MC-type carbides and, lacking further C, IT-phase is 
precipitated. 

As a result of dominant NiAI growth at the external surface for low activity 
aluminide coatings, pack powders (i.e. masteralloy and inert pack particles) 
are entrapped by the coating. Pack entrapment is undesirable as it can 
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Figure 9.1 Schematic illustration of the low activity process to produce an NiAl 
coating by outward diffusion on (a) pure Ni or (b) Ni-base superalloy [5J. 

seriously degrade the mechanical and chemical integrity of the coating. 
However, by physically isolating the substrates from the pack powder mixture, 
a process procedure called above-the-pack or out-ofpack, entrapment of pack 
particles can be eliminated to produce cleaner coatings [7]. 

Conversely, aluminide coatings on Fe-base alloys using both processes are 
essentially inward-grown, except for the low activity process on low and high 
alloy steels (e.g. 2.25 Cr-l Mo steels, Incoloy 800 or austenitic stainless 
steels). Aluminide coatings consist of either an AI-enriched ferrite surface 
layer or external phases of FeAI or FeAl2 [8]. 

The coating elements AI, Cr and Si are ferrite stabilizers for steels. Therefore, 
ferritic stainless steels such as 409 SS remain ferritic at the coating temperature 
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when AI, Cr + AI, or Cr + Si coatings are diffused into the ferritic alloy. 
Plain carbon steels and low alloy steels are austenitic at the coating 
temperature (1000-1050 .q, and the incorporation of AI, Cr + Al or Cr + Si 
may result in the transformation of the austenite to a single-phase ferrite 
layer at the surface. However, high alloy austenitic alloys can incorporate 
only limited concentrations of the coating elements into solid solution, and 
higher concentrations lead to a two-phase microstructure at the surface. 
Upon adding Al or Cr + Al to austenitic alloys such as 304 SS and 316 SS, 
the inward diffusion of Al results in the precipitation of the NiAI compound 
within a ferrite matrix at the surface [9, 10]. The resulting two-phase 
microstructure is mechanically tough and forms an Al20 3 scale at steady 
state upon exposure. 

9.1.3 Chromizing 

The chromizing process was invented by Kelley [11]. It consisted of a powder 
mixture containing pure Cr, NH4CI and an Al20 3 filler powder which was 
heated to 950·C for 16 h. Chromized coatings were first applied to low 
carbon and low alloy steels, where they proved to be highly resistant to 
aqueous and high temperature corrosion. Complications arise when chromized 
coatings are applied to C-containing alloys, such as carbon steels and Ni
or Co-base superalloys [12-16]. Because of the high affinity of Cr for C and 
the relatively high diffusivity of carbon in the substrates, an outward-grown 
Cr 23C6 carbide is formed at the external surface by the chromizing process. 
Not only does the extraction of C to form the surface carbide weaken the 
substrate, but this external carbide acts as a diffusion barrier to rapid Cr 
enrichment. In fact, the coating growth rates are strongly dependent on the 
C content of the substrate [13]. Therefore, chromizing is carried out above 
1050·C so that dissolution of the carbide at the carbide-alloy interface 
supplies Cr to the substrate [16]. One remedy to improve deposition rates 
and surface compositions of the steels is to codeposit a second element which 
has a much lower affinity for C, e.g. Al or Si, thereby transforming the surface 
into a phase with low C solubility, e.g. iX-Fe, and pushing C into the bulk 
substrate [17]. Another solution is to codeposit a second element having a 
greater affinity for C, e.g. V; this serves to tie up free C, which otherwise 
diffuses to the surface [15]. 

Deposition of Cr into Fe-base alloys via CrCI2(v) results in a displacement 
reaction to release FeCI2(v) [15]. Therefore, this deposition mechanism results 
in an overall negligible weight or dimensional change for the substrate. 

In recent years, Cr additions to bulk Ni-base alloys or to aluminized alloys 
have further improved their resistance to hot corrosion and high temperature 
oxidation [3]. The microstructure of chromized coatings on Ni-base alloys 
is much simpler than that of an aluminide coating. The Ni-Cr binary phase 
diagram [18] shows a high solubility for Cr ( ~ 50 at%) in the Ni-rich 
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matrix and no complex intermetallic phases. Therefore, high activity chromized 
coatings are comprised of a Cr-enriched Ni-base substrate with an external 
rt-Cr layer [19, 20]. 

9.1.4 Siliconizing 

Silicide coatings have been applied to Ni- and Fe-base alloys by a number 
of methods, including chemical vapor deposition (CVD) [21,22], fusion slurry 
techniques [23], and pack cementation [24]. Siliconizing of pure Fe and 
plain carbon steels was first produced via halide-activated pack cementation 
[24]. The pack consisted of a powder mixture containing an Fe-base 
masteralloy with 6-20 wt% Si, an NH4Cl salt activator and an Al20 3 filler; 
it was heated to 1500°C for 5-30 h. Silicide coatings were found to have 
enhanced resistance to both low temperature (type II) and high temperature 
(type I) hot corrosion by fused Na2S04, resulting from the formation of an 
external silica scale. 

According to the Ni-Si binary phase diagram [25], the addition of Si to 
Ni-base substrates results in the formation of several low melting point 
eutectics and complex intermetallic compounds. The typical microstructure 
of silicide coatings on Ni-base substrates is comprised of a multi phase, duplex 
layer containing an outer NiSi phase and an inner Ni 3Si phase. Conversely, 
the typical microstructure of silicide coatings on Fe-base substrates is 
comprised of an outer, single-phase ferrite layer enriched with 6-11 wt% Si. 
These silicide coatings are very brittle and susceptible to stresses induced by 
thermal cycles [26]. Therefore, the use of silicide coatings on Ni- and Fe-base 
alloys is not very practical. To utilize the beneficial effects of Si in lower 
concentrations, aluminide and chromized coatings have been modified to 
deposit Si into the surface of these coatings, either simultaneously or during 
a subsequent treatment [27-30]. 

9.1.5 Deposition of a reactive element 

Small fractions of a percent of certain reactive elements (e.g. Y, Zr, Hf, Ce, 
La, Th) have been found to improve the adherence of protective oxide scales, 
such as Al2 0 3 and Cr2 0 3 , on heat-resistant alloys [31-35]. Overlay coatings 
(plasma spray, electron beam evaporation, etc.) applied to Ni-base alloys for 
use in gas turbines have always included a reactive element, but only a few 
investigators have deposited reactive elements (REs) by other methods. 

Jedlinski et al. [36] incorporated Y and Ce into the surface of NiAI coatings 
on Ni-base alloys by an ion implantation technique. Fuhui et al. produced 
a Y-modified aluminide coating on IN 738 using a standard high activity 
aluminizing treatment followed by a fusion slurry technique to deposit Y 
[37]. Three investigations have reported pack cementation methods: 
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(a) Tu et al. produced a V-modified aluminide coating by a two-step process: 
high activity aluminizing followed by yttrizing [38]. The modified coatings 
consisted of an external aluminide layer with Y enrichment, as detected 
by wavelength dispersive spectroscopy (WDS), near the surface and along 
grain boundaries. The process to deposit Y consisted of a pack powder 
mixture containing pure Y, NH4CI and Y 203 which was heated at 1050°C 
for 4 h. The alumina filler was not inert in this case because the high 
thermodynamic stability of the aluminum chlorides permitted some 
reaction with the yttrium chloride species. 

(b) Rapp et al. replaced some of the alumina filler with yttria in a pack 
mixture to codeposit Cr and Al plus Y on pure Fe and low alloy steel 
substrates [17]. Energy dispersive spectroscopy (EDS) analysis detected 
about 0.4 wt% Y in the coating surface [39]. 

(c) LePrince et al. used a high activity process with a powder mixture of 
pure source elements to codeposit Al and Hf onto Ni-base fibers [40]. 
The resulting coating consisted of an NiAI matrix with NisHf precipitates. 

In all cases, the RE-doped aluminide coatings exhibited improved oxide 
scale adherence during cyclic oxidation testing. 

9.1.6 Codeposition 

In general, for resistance to oxidation, a ternary alloy using the interaction 
of two oxidation-resistant elements is more effective than a simple binary 
alloy [41]. For example, when an alloy containing Fe-20 Cr-5 Al (compositions 
are expressed in wt% unless otherwise indicated) is exposed to a high 
temperature oxidizing environment, initially a continuous adherent Cr 203 

scale is formed on the surface of the alloy. This scale prevents the rapid 
oxidation of the Fe in the alloy, thereby eliminating the dissolution and 
inward diffusion of oxygen atoms that would otherwise cause the external 
oxidation of AI. Escaping internal oxidation, the Al atoms diffuse to the 
Cr20 3 -alloy interface and form an even slower-growing, more protective, 
stable Al20 3 scale at steady state. Actually, the transient Cr20 3 and 
steady-state Al20 3 scales are quite thin, usually on the order of 1-5 ~m or 
",0.5 mg/cm2 oxygen weight gain. Therefore, a pack cementation process 

which would deposit two elements simultaneously, producing a diffusion 
coating with a surface containing approximately 20-30 wt% Cr with 4-6 wt% 
Al or 2-4 wt% Si should be very effective in protecting low alloy steel from 
corrosive environments at high temperatures. For Ni-base alloy substrates, 
a surface containing approximately 20-30 wt% AI, 10-15 wt% Cr and 
0.1-0.2 wt% RE is required. These coatings should also provide protection 
from the accelerated oxidation suffered when a fused salt deposit contacts 
the alloy surface, i.e. hot corrosion, as occurs for certain conditions in gas 
turbines and in power plants burning fossil fuels. Furthermore, alumina and 
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silica scales are known to be more resistant than chromia in gaseous 
environments containing mixed oxidants, e.g. carbon plus sulfur. 

Single elements are commonly deposited into metallic substrates by the 
pack cementation method, but a single-step process using a single pack 
mixture which would simultaneously codeposit multiple elements into 
metallic substrates would be more effective because the resulting coatings 
would exhibit superior environmental resistance. Galmiche [42] developed a 
single-step, high activity process to deposit Cr and Al simultaneously from 
a pack powder mixture containing both pure Cr and Al sources with an 
NH4 CI activator salt. The resulting coating consisted of a single-phase f3-NiAI 
layer with only limited Cr enrichment (~5 wt%). In fact, although the powder 
mixture obtained both pure Cr and Al sources, the process probably proceeds 
as a two-step process. Aluminizing occurs first because of the higher 
thermodynamic stability of the volatile aluminum chlorides. However, once 
Al is depleted from this dilute pack mixture, chromizing of the aluminide 
coating can occur. In general, the prospect of true simultaneous deposition 
of Al and Cr is not yet practiced commercially, although it has been developed 
experimentally [14, 17, 43]. However, dual vapor transport of Al and Si is 
thermodynamically feasible [44] and simultaneous deposition has been 
practiced commercially (e.g. Si-Mod) on Ni-base alloys for over 10 years. 
Nickel-base superalloys have been aluminized/siliconized using a powder 
mixture containing a source of both pure Al and Si, an NH4F activator salt, 
and an Al20 3 filler treated at 1050-1065 DC for 4 h [45]. The resulting coating 
consisted of a f3-NiAI layer with substantial Si enrichment (3-6wt%) as 
Si-rich precipitates. 

9.2 RANGE OF APPLICABILITY 

Halide-activated pack cementation (HAPC) is a relatively inexpensive and 
commercially feasible diffusion coating process. HAPC is very versatile, 
capable of coating large objects such as long pipes, large plates or the complex 
shapes of turbine hardware, although small internal passages represent a 
problem. Because the coatings are grown at the substrate surface with a 
continuous gradient in composition, the epitaxially bonded coatings provide 
excellent adherence and an associated resistance to thermal fatigue. However, 
the coating compositions produced with HAPC do not possess the flexibility 
or control offered by overlay or PVD methods. Traditional chemical vapor 
deposition (CVD) is also a process used commercially, especially in the 
semiconductor industry. Diffusion coatings, such as HAPC and CVD, are 
deposited at high temperatures to support simultaneous solid-vapor reaction 
(deposition) and interdiffusion with the substrate. However, CVD processes 
require special furnaces and gas manifold systems to uniformly hold and coat 
substrates. 
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9.3 TECHNICAL ASPECTS 

In a cementation pack at the process temperature, the masteralloy and the 
halide salt activator react to form volatile metal halide species of significant 
partial pressures according to the following equation: 

Me(alloy) + AXx(s or 1) = MeXx(v) + A(l or v) (9.1) 

where Me is Cr, Al or Si; A is Na, NH4, etc.; and X is F, CI or Br [46]. In 
fact, multiple vapor species are formed for each element (e.g. AI, AIX, AIX2, 

AIX3; Cr, CrX2 , CrX3, CrX4 ; and Si, SiX2 , SiX3 , SiX4 ). A partial pressure 
gradient for each vapor species, which supports vapor transport from the 
pack to the substrate surface, results from a higher thermodynamic activity 
of the element in the powder mixture and a lower activity at the substrate 
surface. At the surface, deposition of the desired coating element(s) occurs 
via the dissociation or disproportionation of the halide molecules, or by a 
displacement reaction with the substrate [46]. Finally, the coating elements 
interdiffuse with the metallic substrate, producing some specific surface 
composition and microstructure, or perhaps another phase (compound). 

The thermodynamics and kinetics of pack cementation have been studied 
rather extensively [14, 46-53]. The earlier work concentrated on the 
aluminization of Ni and Ni-base alloys, whereas Nciri and Vandenbulcke 
concentrated on Fe-base alloy substrates [51]. According to Fig. 9.2, the 
driving force for gaseous diffusion through the porous powder mixture is the 
negative gradient in partial pressure of the individual halide vapor species 
[46]. The kinetics of vapor diffusion through a pack depleted at the surface 
were modeled using a Fick's first law expression. These calculations rationalize 
whether a particular halide vapor species will diffuse toward or away from 
the substrate. However, solid-state diffusion is usually the dominant rate
controlling step for the kinetics of the process. 

Single elements are commonly deposited onto metallic substrates by the 
HAPC method, but a single-step process which would simultaneously 
codeposit multiple elements (e.g. Cr-AI or Cr-Si) onto metallic substrates 
would be more effective because the resulting coatings could exhibit superior 
resistance to oxidation and corrosion. According to the explanation above, 
one might suppose that a mixture of several pure elemental powders should 
produce simultaneous deposition. However, this prospect may fail in practice. 
As seen in Fig. 9.3, comparable partial pressures for two (or more) elements, 
as required for dual gaseous diffusion, essentially never occur in cementation 
packs because of large differences in the standard Gibbs energies offormation 
for their respective halide species [44, 53, 54]. However, binary Cr-rich alloys 
(i.e. Cr-AI and Cr-Si alloys) exhibit highly negative deviations from ideal 
thermodynamic behavior, so that such masteralloys can be used to reduce 
the activities of the Al or Si components by several orders of magnitude, Fig. 
9.4a and b [55, 56]. Hence, by using such binary alloy powders, codeposition 
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Figure 9.2 (a) Activator circulation and (b) activator condensation mechanisms of Al 
deposition proposed by Levine and Caves [46], where circles are AI(I) and triangles are 
AIF 3(C) [49]. 

of Al and Cr into Ni- or Fe-base alloys [9, 17, 39, 57], or Cr and Si into 
Fe-base alloys [58] can be achieved if a halide salt activator of appropriate 
stability is also provided. As shown in Fig. 9.5, the dilute Cr-AI or Cr-Si 
masteralloy powders, with reduced thermodynamic activity for Al and Si, 
respectively, generate lower vapor pressures for the otherwise favored halide 
species, i.e. AIXx or SiXy [39, 43, 53, 58]. In this way, the fluxes for the 
components to be codeposited are brought to comparable magnitudes so 
that simultaneous deposition results in the desired surface composition. 

In addition, a third (or fourth) minor element might also be incorporated 
into the coating [39]. Two methods have been used to produce this further 
doping. A small amount of an oxide source of the desired element can be 
added to the pack mixture, replacing some of the inert filler. In this case, the 
dopant oxide must be converted in the high halide activity of the pack, 
producing additional metal halide species according to equation 9.2: 

xMO,(s) + yMeXx(v) = xMXy(v) + yMeOx(s) (9.2) 
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where M is Zr, Y or Hf; Me is Al or Si. Calculations of pack equilibria using 
the computer program ITSOL [59] and experiments using an atmospheric 
pressure sampling mass spectrometer have substantiated these conversion 
reactions for Zr02 and Y 203 additions to Al20 3 [60]. By a second method, 
the additional element could be introduced as the halide salt activator (e.g. 
ZrCI4 , YCl3 or HfCI4). For example, ZrCl4 can react with the Cr-AI binary 
masteralloy to produce both AIClx and CrClx species as well as a significant 
vapor pressure of a ZrClx species according to equation 9.3: 

(9.3) 

If the substrate does not contain the RE, the necessary driving force exists 
for some dissolution of the RE. 

9.4 POSSIBILITIES FOR IMPROVEMENT 

The engineering of pack chemistries to deposit simultaneously two or three 
elements has been achieved experimentally in the past several years [9, 17, 
39,58]. The subject was reviewed recently [61]. A variety of alloys have been 
coated with Cr + Al (low carbon and low alloy steels; 410, 304 and 316 
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Figure 9.4 Activity data as a function of solute content for (a) Al and Cr in a Cr-AI 
alloy at 1073 K, 1173 K and 1273 K [56]; and (b) Si and Cr in a Cr-Si alloy at 1373 K 
[55, 58]. 

stainless steels; Ni-base superalloys) and Cr + Si (low carbon and low alloy 
steels; 304 and 409 stainless steels; Incoloy 800). Because of their unique 
metallurgical characteristics, each alloy requires a specific pack chemistry to 
obtain the optimum coating composition. The ideal coating contains sufficient 
concentrations of the two elements for superior steady-state resistance to 
oxidation and corrosion without excessive contents which could lead to 
brittleness, deleterious phase changes, and oxidant penetration in service. 

9.4.1 Chromizingjaluminizing 

Low alloy steels 

Low alloy steels (e.g. Fe-2.25 Cr-1.0 Mo-0.15 C) are commonly used in 
utility boilers, petrochemical plants and coal gasification systems because of 
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their excellent creep strength in service. Exposed to a variety of corrosive 
environments, they require surface modification to improve their corrosion 
resistance. A single-step pack cementation process has been developed to 
produce the Kanthal composition (Fe-20 Cr-4.5 AI) on the surface of 
Fe-2.25 Cr-1.0 Mo-0.15 C alloys [62]. These alloys were successfully coated 
in a pack containing 8 wt% of a Cr-10 Al masteralloy, 2 wt% NH4CI salt 
activator and the balance Al20 3 filler heated at 1150°C for 6 h. A ferrite 
layer is formed initially on the substrate surface, allowing for subsequent 
diffusion of Cr and Al into the ferrite matrix. Because ferrite has a very low 
C solubility, the rejection of C into the austenite phase at the ferrite-austenite 
interface minimizes decarburization and prevents the formation of a Cr23C6 

carbide at the surface. The resulting Cr-Al enriched surface provides excellent 
isothermal and cyclic oxidation resistance by an Al20 3 scale, even at 
temperatures as low as 700 °C [62]. 
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Stainless steels 

Chromized/aluminized coatings were achieved on several austenitic steels, 
e.g. 304 SS, 310 SS, 316 SS and Incoloy 800 [9]. Sufficient amounts of Cr 
and Al to produce Al20 3-forming scales were incorporated into each alloy. 
The coating morphologies consisted of P-NiAI precipitates in a Cr-rich 
ferrite matrix, thus producing a mechanically tough microstructure. Compared 
to the initial work by Bangaru and Krutenat [to], the use of a Cr-AI 
masteralloy reduces the tendency to form an outward-grown, external P-NiAI 
layer that is brittle and entraps pack particles. 

Nickel-base superal/oys 

Nickel-base superalloy turbine blades are commonly aluminized in a cementation 
pack for oxidation resistance. However, such aluminide coatings lack 
adequate resistance to hot corrosion caused by deposits of fused alkali sulfates. 
A Cr-modified aluminide coating would promise substantial improvements 
in the hot corrosion resistance of the coating [63, 64]. In addition, a small 
amount of a reactive element (Zr, Hf or Y) is known to improve the adherence 
of the protective Al20 3 scales [65, 66]. 

Two pack arrangements have been used in the laboratory to produce 
Cr-enriched aluminide coatings on several commercial superalloys [67]. By 
the simpler powder contacting arrangement, the substrate is buried in direct 
physical contact with the powder mixture. By this method, an outward-grown, 
P-NiAI plus cx-Cr coating layer is formed, but some inert filler (AI20 3), reactive 
element oxide source (Zr0 2) and masteralloy particles are entrapped within 
the outer, two-phase layer of the coated substrate [39]. Pack entrapment 
can be eliminated by an above-pack arrangement, whereby the test coupon 
is held isolated from contact with the pack by a porous alumina enclosure. 
However, substrate isolation reduces both the growth rate of the coating and 
the amount of the Cr enrichment [67]. 

A typical microstructure of an above-pack coating (Fig. 9.6) consists of an 
AI20 3-free, Cr-alloyed P-NiAllayer containing some reactive element (RE) 
dopant, also deposited from the gas phase [39]. In this outward-grown 13-NiAI 
coating, a dispersion of cx-Cr particles is precipitated near the original 
substrate surface and also grown inward from the gas phase at the coating 
surface. An interdiffusion zone between the outer layer and the original 
Ni + Ni3AI substrate is comprised of P-NiAI and Ni3AI, M23C6 , MC-type 
carbides and a-phase [4, 68]. The average bulk surface compositions for 
coated Rene 80 alloy substrates resulting from this above-pack arrangement 
were approximately Ni-(33-42 at%)AI-(6-8 at%)Cr -(0.05-0.3 at%)RE, i.e. 
RE as Y or Zr, respectively. These coatings were produced from a pack 
mixture containing either an NH4CI salt activator plus an RE oxide source 
or else an RE-base chloride salt activator with a suitable Cr-AI masteralloy 
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Figure 9.6 Cross-sectional optical micrograph of an IN713LC alloy treated at 1150·C 
for 24 h in a (2:1) YCl 3CrClr activated pack containing 25 wt% of Cr-7.5 wt% Al 
masteralloy and 73 wt% of an Alz0 3 filler; Above-pack method. 

at 1150·C for 24 h. In addition, oxidation-resistant RE(Zr, Hf, Y)-doped 
aluminide coatings were developed. The microstructures of these coatings 
were analogous to those described above, except that second-phase IX-Cr 
particles were absent from the coating surface and the average surface 
compositions were about Ni-(40-45 at% )AI-(2-2.5 at%) Cr-0.05-
0.30 at%)RE, i.e. RE as Y, Zr or Hf. 

Both hot corrosion and cyclic oxidation tests were performed on the 
RE-doped, Cr-modified aluminide coatings, whereas only cyclic oxidation 
tests were performed on the RE-doped aluminide coatings. Figure 9.7 plots 
the weight changes for isothermal hot corrosion tests conducted for various 
exposure times using a 5 mg/cm2 film ofNa2SO 4 applied before each exposure 
on Cr-RE modified aluminide diffusion coatings produced from the powder 
contacting arrangement. A commercial low activity aluminide diffusion 
coating (GE Codep C), lower-Cr ZrCl4 activated coatings and lower Cr, 
above-pack coatings did not adequately protect the Ni-base superalloys 
during hot corrosion simulation. However, the higher Cr, aluminide diffusion 
coatings provided a substantial improvement in coating lifetime [39, 64, 69]. 

Figure 9.8 is a plot of the weight changes for cyclic oxidation tests at 
1100·C in static air of both Cr-RE (Zr or Y) modified and RE (Zr, Hf or 
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Figure 9.7 Isothermal hot corrosion of a Rene 80 alloy substrate coated by a 
powder-contacting method in 0.1% S02/02 at 900°C with periodic Na2S04 

recoating [69]. 

Y) doped aluminide diffusion coatings prepared by the above-pack arrangement. 
Several pack chemistries of each type were identified which produced 
acceptable cyclic oxidation behavior resulting from the formation of adherent 
a-A120 3 protective scales for 500 hour-long cycles. Coating failures occurred 
for RE-free and RE-Iean aluminides and for carbide coatings (e.g. NH4CI 
plus Zr02 in Fig. 9.8b). Severe Al consumption resulted from the formation 
of less adherent a-A1 20 3 scales; eventually less protective NiAl 20 4 and NiO 
scales are formed [61]. 

Intermetallic compounds 

Intermetallic compounds (e.g. Fe3AI, Ti3AI and TiAI) have been candidate 
structural materials for fossil fuel and high temperature aerospace applications 
because of their high strength-to-weight ratios. For example, pure Fe3AI has 
poor room temperature properties, resulting from hydrogen embrittlement. 
Additions of Cr have been shown to improve its room temperature ductility. 
However, the resistance to high temperature sulfidation drops considerably 
because the formation of a protective alumina scale is impeded by Fe-Cr-AI 
sulfides [70]. A single-step, pack aluminizing treatment using a powder 
mixture containing 20 wt% of Fe-42 Al masteralloy and 2 wt% NaF salt 
activator treated at 925°C has produced a Cr-enriched, FeAI coating layer 
using an above-pack arrangement [71]. The resulting Fe Al layer forms a 
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Figure 9.8 Weight changes for 1100 °C cyclic oxidation in static air of coated IN713LC 
alloy substrates versus cycle time for the above-pack method [69]: (a) RE doped and 
(b) Re-Cr modified aluminide coatings, 

protective Al20 3 scale during oxidation exposure and provides excellent 
oxidation and sulfidation resistance to the Cr-alloyed Fe3AI substrate. 

However, the FeAllayer is also a brittle phase. Trace additions of boron 
are known to segregate to grain boundaries and thereby improve the room 
temperature fracture toughness of bulk FeAI [72]. Therefore, the FeAI coating 
layer was doped with small additions of boron (1-3 at%) by codeposition 
of Al and B in an aluminizing pack mixture containing 0.5-1.0 wt% FeB 
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[71]. The B additions reduced the microhardness of the FeAllayer from a 
Vickers hardness number (VHN) of approximately 500 to 350. As for bulk 
B-doped FeAI [73], the presence of B in the FeAI coating increased scale 
spallation during cyclic oxidation in static air at 900°C [71]. 

Conversely, TiAl3-base coatings have also been successfully produced on 
TiAI [74], Ti3AI [75, 76], and Ti3AI + Nb [77] by a conventional high 
activity pack aluminizing process. The TiAl3 phase is the only phase in the 
Ti~AI system which produces a protective a-A120 3 scale during oxidation 
exposure without Ti02 formation [74]. TiAl3-base coatings produced 
excellent cyclic oxidation behavior compared to uncoated substrate materials 
up to 1000 °C in static air. Small, but permeable, cracks in these coatings, 
resulting from volume expansion during coating growth and coefficient of 
thermal expansion mismatch during thermal cycles, contributed to the 
degradation of thicker coatings during oxidation [77]. 

9.4.2 Chromizing/siliconizing 

F erritic stainless steels 

A ferritic 409 SS alloy was chromized/siliconized using a Cr~ 10 Si masteralloy 
powder, an NaF salt activator and an Si02 filler heated at 1050°C for 16 h 
[55, 58]. Generally, an inward-grown coating is formed with an average 
surface composition of Fe~23 Cr-2.55 Si. In cross-sectional micrographs, a 
thin, dark horizontal interface identifies the original substrate surface, 
showing some minor contribution by outward diffusion to coating growth. 
In the absence of any phase change during the coating process, no 
substrate~coating interface is introduced, and the dominant inward diffusion 
excludes both porosity and pack entrapment. Although no corrosion testing 
has yet been performed for the coating, this composition should provide 
excellent resistance to corrosion in aqueous and in high temperature, gaseous 
environments. 

Low-alloy steels 

An Fe-0.5 Cr~0.5 Mo~O.1 C low alloy steel was chromized/siliconized using 
a Cr~ 10 Si masteralloy, an NaF ~3 mol% NaCl mixed (dual) salt activator 
and an Si02 filler heated at 1050°C for 16h. The dual activator promotes 
the simultaneous deposition of both Cr and Si. Fluoride activator salts are 
essentially siliconizing, whereas chloride activator salts are chromizing. The 
proper proportion of fluoride to chloride activator salt produced an inward
grown ferrite coating layer with an optimum average surface composition high 
in Cr (~25 wt%) with approximately 3 wt% Si, while eliminating the 
formation of the deleterious IT-phase (> 35 wt% Cr). Similar results were 
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Figure 9.9 A plot of weight gain versus time for the cyclic oxidation in static air at 
700 °C of coated samples with surface compositions of Fe-34 Cr-3 Si (wt%) [55,58]. 

obtained for an AISI 1018 and an Fe-2.25 Cr-1.0 Mo-0.15 C low alloy 
steel [55, 58]. 

As shown in Fig. 9.9, this Cr-Si coated steel has been tested in cyclic 
oxidation in static air at 700 °C and has exhibited extremely slow oxidation 
kinetics with no detectable spalling of the oxide scale. The remarkably slow 
weight gain « 0.2 mg/cm2 for over 4.4 months at 700°C) for the coated 
Fe-2.25 Cr-1.0 Mo-0.15 C alloy has also been found for a similarly coated 
AISI 1018 steel. The very slow kinetics result from a slow-growing silica layer 
beneath a thin, outer chromia scale. Also shown for comparison in Fig. 9.9 
are the isothermal oxidation kinetics for an uncoated Fe-2.25 Cr-1.0 
Mo-0.15 C [78] and an Fe-25 Cr binary alloy [79]. The Fe-25 Cr-3 Si 
coating has also shown negligible corrosion in an aerated 3.5 wt% NaCl 
aqueous solution at room temperature [80]. However, the Fe-20 Cr-3 Si 
coating on AISI 1018 steel substrates was less resistant than 304 SS in a 0.5 
M H2S04 solution at room temperature. The Fe-32 Cr-3 Si coating on 
AISI 1018 substrates was isothermally oxidized in air at 700°C. A parabolic 
rate constant, Kp = 4.6 x 1O-15 gm2/cm4 s, measured for this coating was 
an order of magnitude smaller than that for other commercial chromia-forming 
alloys, as presented in Fig. 9.10 [81-84]. Similar coatings on both AISI 1018 
and Fe-2.25 Cr-l.O Mo-0.15 C low alloy steel substrates were also tested 
in an erosion-corrosion simulator at the Lawrence Berkeley Laboratory in 
Berkeley CA. The specimens were eroded by angular Si02 particles of average 
size 150 jl.m, at a particle velocity of 20 mis, at impact angles of 30 ° and 90°, 
and at 25, 650 and 850°C for 5 h exposures. According to weight loss and 
cross-sectional thickness losses, the Cr-Si coatings performed better than 
other coated or uncoated steels [80]. 
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Figure 9.10 Arrhenius plot comparing the measured gravimetric rate constant of a 
coated AISI 1018 steel coupon oxidized in air at 7OO·C [80] with reported rate 
constants in the literature for the growth of CrZ0 3 on binary Fe-Cr alloy [81-84]. 

Austenitic steels 

As mentioned above, austenitic alloys can be coated by diffusing the coating 
elements into the solid solution or by transforming the matrix into a 
ferrite + austenite two-phase field. For example, about 3 wt% Si was diffused 
into the surface of the austenitic alloy 800 without a significant change in 
microstructure. In contrast, an austenitic 304 SS alloy was chromizedjsiliconized 
uing a Cr-10 Si masteralloy, an NaF salt activator, and an Alz0 3 filler 
treated at 1150·C for 16 h. This coating process promotes the transformation 
of the austenitic surface into a ferrite (Fe-25 Cr-7 Ni-2 Si) plus austenite 
(Fe-20 Cr-ll Ni-2 Si) microstructure [55, 58]. Figure 9.11 presents the 
oxidation kinetics for these two coated alloys compared to the uncoated 
alloys upon cyclic oxidation at 1035·C in static air. The coated alloy 800 
does suffer some scale spallation upon temperature cycling (approximately 
1 % of the surface area), but this behavior is an important improvement over 
the uncoated alloy. The coated 304 SS exhibited excellent high temperature 
oxidation resistance with no evidence of spalling, whereas the uncoated alloy 
did not form an effective adherent protective scale. 

A key element in the reduction of oxidation kinetics is the presence of 
ferrite, with its much higher diffusion coefficients, at the surface. The high 
diffusivity for ferrite promotes the early formation and retention of the 
thermodynamically more stable oxide scales (i.e. chromia rather than iron 
oxide at an early stage of oxidation, and silica rather than chromia at steady state). 
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Figure 9.11 A plot of weight gain versus time for the cyclic oxidation in static air at 
1035°C of coated and uncoated 304 SS and alloy 800 [55, 58]. 

Niobium-base alloys 

Because of their high solidus temperatures and reasonable creep strengths, 
Nb alloys have been considered as candidate materials for gas turbine 
applications. However, Nb and its alloys have inherently poor oxidation 
resistance because the oxide (Nb20 s) formed is not compact or resistant to 
permeation by molecular oxygen; therefore, a protective coating is necessary 
[85]. A new, two-step coating process has been developed to provide 
oxidation resistance for high temperature (1100-1500 0c) service [86]. First, 
a diffusion barrier of Mo or Mo-W alloy is applied to the Nb substrates 
using a conventional sputtering or CVD technique. Then the substrate is 
silicided to form an MoSi2 or (Mo, W)Si2 layer by an NaF -activated pack 
cementation method. Molybdenum disilicide has excellent high temperature 
oxidation resistance, providing a thin protective Si02 oxygen barrier. 

Because of the large mismatch in coefficient of thermal expansion between 
MoSi2 and Si02, the siliciding treatment has been modified to codeposit Si 
and Ge, and thereby produce an Mo(Si, Ge)2 or (Mo, W) (Si, Ge)2 diffusion 
layer. Because the stabilities for the volatile fluorides of Si and Ge are 
reasonably similar, codeposition of Si and about 3-8 at% Ge to form (Mo, 
W) (Si, Ge)2 has been achieved using mixtures of pure Si and Ge powders 
with an NaF salt activator and treated at 1150°C for 16h. Small germania 
additions to silica greatly increase its CTE, and thereby decrease the CTE 
mismatch between the scale and the coating; this improves its cyclic oxidation 
behavior [87]. In a recent study, six out of eight coupons of pure Nb coated 
with (Mo, W) (Si, Ge)2 survived cyclic oxidation in static air for 200 hour-long 
periods at 1370°C with weight gains of only 1.2-1.6 mg/cm2. Premature 
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failures occurred on two coupons due to excessive growth of Nb20 5 initiated 
at cracks in the coating, but the Nb20 5 formation was not catastrophic. One 
of the cyclic oxidation tests of a coupon coated with (Mo, W) (Si, Geh was 
extended to 500 h without failure [86]. These results indicate that this 
multicomponent silicide coating offers significant promise to protect Nb-base 
alloys in oxidizing environments at very high temperatures. 

9.5 SUMMARY 

Halide-activated pack cementation (HAPC) has been used in industry for 
nearly 75 years to apply protective diffusion coatings to otherwise inadequate 
substrates. HAPC is a relatively inexpensive and highly versatile diffusion 
coating process for enriching the surface with AI, Cr, Si or B, and recently, 
combinations of these elements have also been achieved. 

The codeposition of two or more elements in a halide-activated cementation 
pack is inherently difficult because of large differences in the thermodynamic 
stabilities of their volatile halides. However, with the aid of computer-assisted 
analysis of the pack equilibria, combinations of suitable binary alloys and 
halide activator salts can effectively achieve codeposition. The codeposit ion of 
Cr + Al or Cr + Si by pack cementation has yielded diffusion coatings with 
excellent resistance to high temperature oxidation and corrosion for a wide 
range of alloy substrates. 
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Thermal spray coatings 
H. Herman and S. Sampath 

10.1 INTRODUCTION 

Thermal spray processing is a well-established means of forming coatings of 
thicknesses greater than about 50 )lm, so-called thick coatings. A wide range 
of materials can be thermally sprayed for a variety of applications, ranging 
from gas turbine technology (heat engines) to the electronics industry. 
Thermal spray coatings have been produced for at least 40 years, but the 
last decade has seen a virtual revolution in the capability of the technology 
to produce truly high performance coatings of a great range of materials on 
many different substrates [1]. This enhancement of the technology has been 
achieved largely through the introduction of new spray techniques, the 
enhancement of spray process controls, the employment of state-of-the-art 
methods offeedstock materials production and the use of modern techniques 
of quality assurance. 

Although the use of advanced thermal spray coating has largely occurred 
within the aircraft industry, newer, extended applications of the technique 
have demonstrated its versatility. Applications include protection from wear, 
high temperatures, chemical attack, and the more mundane uses of environmental 
corrosion protection in infrastructure maintenance engineering. Of greatest 
importance, and making thermal spray processing uniquely important to an 
ever increasing engineering community, are (i) improved spray footprint 
definition versus wide spray beam; (ii) high throughput versus competitive 
techniques; (iii) significantly improved process control; (iv) lower cost-per-mass 
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of applied material, together with overall competitive economics. This chapter 
gives an overview of thermal spray coatings, as well as the fundamentals and 
application areas for the technology. Finally, future directions of torch design 
and applications will be discussed. 

10.2 THERMAL SPRAY PROCESSES 

The principle behind thermal spray is to melt material feedstock (wire or 
powder) to accelerate the melt to impact on a substrate where rapid 
solidification and deposit buildup occur. Thus, a heat source and a means 
of accelerating the material are required. This is pictured schematically in 
Fig. 10.1 [2]. Here, the feedstock material, in the form of a powder, is melted 
and propelled in the effluent of a flame. The high temperature for melting is 
achieved chemically (through combustion) or electrically (an arc); these 
melting methods also accelerate the molten particles to the target substrate, 
where the material solidifies, forming a deposit. The deposit is built up by 
successive impingement of these individual flattened particles or splats. 

The various thermal spray processes are distinguished on the basis of the 
feedstock characteristics (wire/powder) and the heat source employed for 
melting. The following sections describe the various thermal spray processes 
in use today. 

10.2.1 Combustion flame spraying 

Combustion flame spraying employs compressed air or oxygen, mixed with 
one of a variety of fuels (e.g. acetylene, propylene, propane, hydrogen), both 
to melt and to propel the molten particles. Generally (with an exception to 
be noted shortly), the process yields low performance coatings, and it is not 
employed where high density, well-bonded coatings are required. The reasons 
for these deficiencies have to do with the relatively low flame velocity of 
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Figure 10.1 A schematic overview of the thermal spray process. 
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about 50 m/s and the low temperature achieved within the combustion flame, 
well below 3000 0c. Combustion flame spraying uses either powder, wire or 
rod as the feedstock material and has found widespread use around the world 
for its relative simplicity and cost-effectiveness. 

10.2.2 High velocity oxyfuel spraying (HVOF) 

A novel variation on combustion spraying, HVOF has had a dramatic 
influence on the field of thermal spray. This technique is based on special 
torch designs, in which a compressed flame undergoes free expansion upon 
exiting the torch nozzle, thereby experiencing dramatic gas acceleration, to 
perhaps over Mach 4. A schematic of a typical HVOF torch (similar to 
Stellite's let-Kote) is shown in Fig. 10.2 [3]. By properly injecting the feedstock 
powder from the rear of the torch, and concentrically with the flame, the 
particles are also subjected to velocities so high that they will achieve 
supersonic values. Therefore, upon impact onto the substrate, the particles 
spread out very thinly, and bond well to the substrate and to all other splats 
in its vicinity, yielding a well-adhered, dense coating, comparable, if not 
superior, to plasma spray coatings. But the powder particles are limited in 
the temperature they can achieve, due to the relatively low temperature 
combustion flame, so it is rarely possible to process refractory ceramics using 
this technique. Of particular importance is the fact that HVOF hardfacings 
(e.g. WC-Co, Stellite) have hardnesses and wear resistances superior to such 
materials plasma sprayed in air. 

Gas feed ports Cooling passages 

Powder feed port 

Combustion chamber 

Oxygen and fuel inlet 

Figure 10.2 An illustration of a let-Kote HVOF torch [4]. 
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10.2.3 Two-wire electric arc spraying 

Two-wire electric arc spraying involves two current-carrying electrically 
conductive wires fed into a common arc point at which melting occurs, Fig. 
10.3 [4]. The molten material is continuously atomized by compressed air, 
forming a spray of molten metal with a very high material throughput, as 
high as 40 kg/h. This rate, which is the highest in standard industrial thermal 
spray guns, yields highly cost-effective processing, allowing the competitive 
spraying of corrosion-resistant zinc and aluminum for the marine industry 
and for infrastructure applications. Modern developments have led to electric 
arc guns which can operate in inert atmospheres, using argon or nitrogen 
atomization, and spraying reactive metals such as zirconium and titanium 
for corrosion protection in the chemical industry. 

10.2.4 Plasma spraying 

Plasma spraying is relatively straightforward in concept but rather complex 
in function. The gun, pictured schematically in Fig. 10.4 [5], operates on 
direct current, which sustains a stable non transferred elecric arc between a 
thoriated tungsten cathode and an annular water-cooled copper anode. A 
plasma gas (generally argon or other inert gas, complemented by a few percent 
of an enthalpy-enhancing gas, such as hydrogen) is introduced at the back 
of the gun interior; it swirls in a vortex and leaves at the front exit of the 
anode nozzle. The electric arc from the cathode to the anode completes the 
circuit, generally on the outer face of the anode, forming an existing plasma 
flame which rotates due to the vortex momentum of the plasma gas. The 
temperature of the plasma just outside the nozzle exit is effectively in excess 
of 15000 K for a typical DC torch operating at 40 kW. The plasma 
temperature drops off rapidly from the exit of the anode, and therefore the 
powder to be processed is introduced at this hottest part of the flame. The 
powder particles, approximately 40llm in diameter, are accelerated and 
melted in the flame on their high speed (100-300m/s) path to the substrate, 

Figure 10.3 A schematic of a two-wire arc spray gun [4]. 
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Figure 10.4 A schematic of a plasma spray process [4]. 
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where they impact and undergo rapid solidification (106 K/s). Plasma spray 
is used to form deposits of greater than 50 Jlm of a wide range of industrial 
materials, including nickel and ferrous alloys as well as refractory ceramics, 
such as aluminum oxide and zirconia-based materials. 

For high performance applications, in order to approach theoretical bulk 
density and extremely high adhesion strength, plasma spray is carried out 
using a shrouded flame or in a reduced pressure, inert gas chamber, vacuum 
plasma spray (VPS). Vacuum plasma, or low pressure plasma, spraying 
operates at pressures of approximately 50-200 mbar (5-20 kPa). A shrouded 
flame might use argon or nitrogen to exclude oxygen from the vicinity of 
the flame and the workpiece. Shrouding has no known effect on particle 
velocity, whereas gas and particle velocity are increased within the reduced 
pressure chamber. This, as for HVOF, yields a higher density deposit. The 
benefits of reduced pressure and shrouded plasma spraying will increase 
substantially in the future. 

It is useful to list the key features of plasma spraying: 

• Deposits metals, ceramics or any combinations of these materials 
• Forms microstructures with fine, equiaxed grains and without columnar 

boundaries 
• Produces deposits that do not change in composition with thickness (length 

of deposition time) 
• Can change from depositing a metal to a continuously varying mixture 

of metals and ceramics (i.e. functionally graded materials) 
• High deposition rates (> 4 kg/h) 
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• Fabricates freestanding forms of virtually any material or any materials 
combinations 

• Processes materials in virtually any environment, e.g. air, reduced pressure 
inert gas, high pressure (see the next section) 

10.2.5 Vacuum plasma spray (VPS) 

Low pressure plasma spraying was developed by Muehlberger in the early 
1970s and gained widespread commercial use in the mid-1980s, to a large 
extent displacing electron beam-physical vapor deposition (EB-PVD) for the 
production of high quality metallic (MCrAIY) coatings [6]. The compositional 
flexibility afforded by VPS and the high coating rates achieved through liquid 
droplet transfer versus the limitations of evaporation in EB-PVD caused a 
major shift to VPS during the 1980s. As with all thermal spray processes, 
VPS is limited to line of sight. With the VPS process, individual parts are 
fixtured on a manipulator with a load-locked transfer cha.mber. The load-lock 
is pumped down and the parts are preheated to about 900-1000 °C before 
being transferred to the coating chamber. Before initiation of the plasma 
spray, the part is usually treated through reverse transferred arc sputtering 
to remove any traces of oxide that may have formed during preheat. The 
part is then plasma sprayed in a nontransferred mode. The coating distribution 
is determined by computer-controlled gun and part motion. Typical parameters 
for turbine blade coating would have a gun-substrate distance of ",4-7 cm 
at a chamber pressure of 30-60 torr (4-8 kPa) and a gun powder of 80 kW. 
Powder feed rates vary from '" 3 - 5 kg/h depending on the application. 

Of further importance is the ability of VPS to process oxygen-sensitive 
material, such as reactive metals and intermetallic compounds [7, 8]. For 
example, considerable work has been carried out on the VPS processing of 
nickel aluminides and molybdenum disilicide, which have potential uses in 
the aerospace industry. It was demonstrated that the VPS process was capable 
of producing dense, freestanding forms which showed impressive mechanical 
properties [7, 8J. The deposits were ultrafine grained and illustrated the 
capability of VPS in manufacturing of rapidly solidified intermetallics. Some 
studies have been published on the VPS processing of composites based on 
Ni3AI and MoSi2• High density deposits are obtained and some promising 
toughness increases are found [9]. There is a clear and important potential 
for VPS in the processing of intermetallics as both protective coatings and 
as freestanding forms. 

10.2.6 Recent advances in thermal spray processes 

Traditional plasma spray guns are gas vortex stabilized and operate in the 
40-80 kW power range, but by using water stabilization it is possible to 
operate at considerably higher power levels, around 160 kW and beyond, 
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allowing a mechanical throughput of some 30 times that of gas-stabilized 
torches [10]. With this enhanced material-handling capability, it becomes 
practical to consider spray forming of structural shapes and high production, 
thick thermal barrier coatings, such as those required in abradable seal 
applications. 

At the other end ofthe thermal spray spectrum is the limitation in obtaining 
thin films. A major shortcoming of traditional thermal spray technology has 
been the thinness to which a deposit could be formed. Fine-sized feedstock 
particles would be required for the production of thin film deposits « 111m). 
To force fine particles into such a flame would require increasing the carrier 
gas pressure, leading to increased flame turbulence, and thus to a disturbed 
particle trajectory. These problems, as well as others, could be largely solved 
by using axial injection of the materials feedstock. New axial-feed plasma 
gun designs can avoid many of the limitations imposed by non axial plasma 
devices. The operation of one such axial gun is based on electromagnetic 
coalescence (EMC), allowing four off-centered coalescing 1 kW pilot plasmas 
to transfer energy to a downwind central anode [11]. The feedstock material, 
in the form of fine powder or sol-gel fluid, for example, is injected axially 
using essentially any carrier gas, such as oxygen, hydrocarbon, nitride
or diamond-forming reactive gas (enabling, for example, thermal plasma 
CVD reactions). The nozzle is designed to preclude internal contact of the 
feed material with the inert diameter of the anode. 

A synthesis of the traditional two-wire electric arc method and the plasma 
arc is a single-wire plasma spray gun, which uses a single metallic conductor 
wire to deposit coatings displaying hardnesses and wear resistances of high 
performance plasma (powder) deposits [12]. Although mainly recognized by 
and evaluated for the automotive industry, there is no question that wear 
coatings of high temperature materials could be built up using this and 
related processes. For example, it would be interesting to evaluate this 
technique with cored wires (e.g. NiCr-Cr3C2). 

10.3 FEED MATERIALS 

A large literature exists on the wide diversity of materials used as thermal 
spray feedstock [13, 14]. Many different types of ferrous alloys are thermally 
sprayed, including stainless steel and cast iron. Light metal alloys are 
thermally sprayed, e.g. titanium and aluminum alloys. Copper alloys, 
including a wide range of bronzes, are sprayed, as are reactive metals, 
including niobium and zirconium. Very important both industrially and 
scientifically, intermetallic alloy powders have recently been plasma sprayed 
in environmental chambers, for example, on niobium such as oxidation
resistant protective coatings and as freestanding forms. Wide ranges of 
cermets are available, that is, blends of metals and ceramics, which when 
plasma sprayed produce very high strength deposits. Novel ceramics, glasses 
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and various high performance materials have begun to be available. These 
materials will be the basis for new plasma applications in the future. Table 
10.1 is a feedstock classification according to chemistry [15]. 

Metal alloys and ceramics differ in the manner in which they are fed into 
thermal spray guns. Metals are employed as powders and wires; ceramics 
are used as powders and sintered rods (sintered rods fit special proprietary 
guns), usually 1/4 in. in diameter. Combustion flame spray uses powder or 
wire of metals and ceramic powders. The HVOF process uses fine powder. 
In plasma spraying, metal and ceramic powders are used. As indicated above, 
in plasma spray, very careful control of feedstock powder chemistry and 
particle size distribution is required. 

There have been debates concerning the part played by powder characteristics 

Table 10.1 Classification of feedstock according to chemistry and methods of 
producing thermal spray powders [15] 

Classification 

Metallic alloys 

Metallic composites 

Intermetallics 

Material constituents 

MCrAIY (M = Ni, Co, Fe) 
Co-Cr-W -Co based stellites 
NijCo based self-fluxing alloys 
NijCo-Cr-Mo-Si based Laves phase alloys 
Ni-Cr-Fe based Inconels 
Ni-Cr-Mo based Hastelloys 
Cu based alloys (Cu-Zn, Cu-AI, Cu-Ni) 

Cladding material 
Al 

AI-Mo 
Co-AI 
Ni-AI 

Ni 
Co-AI-Y20 3 

Ni-AI 
Ni-Ti 

Core material 
Ni 

NiCr 
NiCrFe 

FeCr 
Al 

Fe-Ni 

M-Cr-AI-Y types (M = Ni, Co, etc.) 
Triballoys 
Superalloys 

Cermets Ni-Co-Fe based alloys + A1 20 3, Zr02 , etc. 
Ni-Co-FebasedmateriaIs + WC-Co,TiC,Cr3C2 ,etc. 
AI-Ni based materials + graphite (abradables) 

Refractory metals Carbides of Ti, Zr and Hf (group IVA elements) 
Nitrides of V, Nb and Ta (group V A elements) 
Borides of Cr, Mo and W (group VIA elements) 

Nonmetallic hard materials Oxides of A1 20 3, Cr20 3, Ti0 2 and Zr02 

Nonoxides of B4C, SiC and Si3N4 
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on deposit properties. Spherical, mono sized and chemically homogeneous 
powder particles are generally preferable to particles having faceted shapes, 
wide size distributions and a nonuniform distribution of components. Of 
course, it would be impractical and costly to employ an ideal feedstock in 
most applications. However, in recent years, it has become possible to 
approach the ideal, allowing the economical deposition of high performance 
coatings for an ever increasing range of demanding applications. 

10.4 PARTICLE-PLASMA INTERACTION AND PROCESS 
CONTROL 

Over the last decade a number of research laboratories have been examining 
particle-plasma interactions, employing sophisticated noninvasive diagnostic 
tools [16, 17]. These include schlieren for turbulence and gas dynamics 
analysis, laser-strobe vision for particle trajectory and injection studies, 
enthalpy probe for plasma temperature measurements, laser-Doppler 
velocimetry for determination of particle velocity, and optical pyrometry for 
particle temperature analysis. These measurements, coupled with appropriate 
modeling efforts, have provided important information on the operation of 
the torch device, mechanics of plasma stabilization, plasma parameters and 
particle history. This has led to considerable improvements in process 
technology, ranging from plasma gas selection to particle feed parameters 
and, thus, has led to improved deposit quality and overall efficiency. 
Furthermore, the implementation of these tools has led to a considerable 
reduction in time and effort required to develop processing parameters for 
new thermal spray powders and applications. This has had a significant 
impact on the industrial sector as a whole. 

We will here discuss only the plasma spray process because most of the 
other thermal spray processes are not very process sensitive. HVOF is likely 
to be process sensitive; however, little at this stage is known about its 
dynamics. This state is rapidly changing due to the needs of industry for 
HVOF [18]. In the plasma spray process, the interaction between a solid 
particle and the plasma flame is of vital importance because it should result 
in proper melting of the feedstock powder. The particle, on being introduced, 
must collect sufficient kinetic energy in order to accelerate to some velocity 
approaching that of the flame, and to absorb sufficient enthalpy from the 
flame to melt. Ideally, the plasma effluent experiences no turbulence and the 
particle, on entering the flame, causes no perturbation to the flame. But in 
fact, the flame is generally nonlaminar, and the carrier gas, which drags along 
the particle, does disturb the flame, distorting it significantly. In reality, 
thermal plasmas are very different from the ideal, making model building so 
difficult. But it is useful to consider the ideal non transferred DC thermal 
plasma torch because it will give us an agenda for discussion of more complex 
processes. 
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An ideal plasma gun should have the ability to create the following 
conditions for plasma spraying [14]: 

1. Particle velocity should be sufficient to achieve a highly dense deposit 
without leading to an 'explosion' of the particle on impact. 

2. The particles should all have the same uniform velocity upon impact. 
3. The particles should all be uniforml.y heated. 
4. The particles should be fully molten or plastic without significant 

vaporization and without undesired chemical reactions. 
5. The plasma should be stable without significant variations in power. 

10.4.1 Plasma spray process control and modeling 

As indicated above, the microstructure of a plasma spray coating will depend 
on the starting material and its particle size distribution, as well as processing 
parameters. Processing parameters include plasma power, plasma gas 
composition, pressures and flow rates, powder injection details and carrier 
flow and torch-substrate distance. These parameters are sometimes 
interconnected in complex ways, leading to unavoidable cross-terms in the 
process of parameterization. They can be independent, making statistical 
analysis more straightforward. This subject has been covered rather extensively 
in the papers contained within the annual proceedings of the National 
Thermal Spray Conference of ASM International [19]. Process control is 
becoming more common in plasma spraying of high performance coatings. 
A clear goal is to achieve on-line, feedback control of the operation. This 
requires a much more detailed understanding of the process. 

Accurate and comprehensive in situ measurements of the plasma spray 
process are difficult and sometimes impossible, leading to the need for process 
modeling. The problem is complex. In the typical DC plasma spray system, 
powder particles are injected at approximately right angles into a high velocity 
gas flame. The powder carrier gas increases turbulence within the flame and 
also disturbs its temperature distribution. The ideal particle becomes entrained 
in the flame, rapidly increases in temperature, melts (without excessive 
vaporization) and impacts on the substrate, where rapid solidification occurs. 

In order to formulate models for the above particle-plasma interactions, 
simplifying assumptions are made. These involve plasma-particle momentum 
and plasma-particle heat transfer, heat conduction within the particle, 
particle vaporization and, perhaps, spallation. Particularly important 
considerations are particle trajectory and temperature. It is clear that particle 
injection strategies will significantly influence the above interactions. Pfender, 
in a series of papers, has reviewed these issues [20]. 

Closely connected with modeling is the need for diagnostics of the particle 
within the plasma flame. Particle velocities are measured using laser 
methodologies. And effective particle temperatures can be estimated from 
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atomic spectroscopy measurements [21]. More recently, nanopulsed laser 
strobes have been introduced to image particle trajectories from injection to 
impact on the substrate [22]. This represents real-time process control, the 
ultimate goal of these modeling and diagnostic studies. 

10.5 DEPOSIT FORMATION DYNAMICS 

Thermal spray deposits are comprised of cohesively bonded splats which 
result from high rate impact and rapid solidification of a high flux (millions 
of particles per cm2/s) of flame-melted particles with sizes of 10-100 11m. A 
schematic representation is shown in Fig. 10.5, where splat-like structures 
are entwined in complex arrays. The physical properties and behavior of 

Figure 10.5 A schematic overview of the thermal spray process. 
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such a deposit will be expected to depend on the cohesive strengths among 
the splats, the size and morphology of the porosity, the occurrence of cracks 
and defects and, finally, on the ultrafine-grained microstructure within the 
splats themselves. 

The microstructures of thermal spray deposits are ultimately based on the 
solidification of many individual molten droplets. A splat results when a 
droplet of molten material, tens of micrometers in diameter and melted in 
the flame, strikes a surface, flattens out then solidifies. The collection of these 
splats forms the deposit. There are numerous considerations relative to the 
dynamics of deposit evolution during thermal spraying. The mechanistic or 
physical aspects of splat formation deal with the spreading of the molten 
droplet, interactions with the substrate, etc. These characteristics are affected 
by the temperature of the splat, the splat viscosity, its surface tension and 
other considerations. Splat morphology will depend on a variety of things, 
the most important of which are particle velocity, temperature, diameter and 
substrate surface profile. Further considerations involve the physical properties 
of the splat, which deals with cooling rate, solidification criteria, nucleation 
and growth of crystals, phase formation, etc. These aspects of splat formation 
and solidification are complex and interrelated. 

Houben has described in considerable detail certain physical aspects of 
splat formation through heat transfer and mechanical models [23]. He has 
identified the various types of splat morphologies, described broadly as 
'pancake type' and 'flower type'. He has further shown that splat morphology 
is affected by the velocity of the impinging droplet. Increased velocity leads 
to enhanced flattening and spreading of the droplet. Montavon et al. further 
explored the influence of spray parameters on splat formation by utilizing 
shape factors for the splats [24]. Figure 10.6 shows three shape factors defined 
as follows: equivalent diameter (the diameter of a circle with the same area 
as the selected feature); circularity (the elongation of the selected feature; 
unity is a perfect circle); and sphericity (the importance of peripheral material 
projections at the impact point; unity is for absence of such projections). 
Using optical microscopy and image analysis Montavon et al. determined 
the influence of spray parameters and impact angle on the splat characteristics 
for vacuum plasma sprayed, Ni-based alloy [24]. It was further shown that 
the splat shape factors, especially as influenced by spray angle, have a strong 
effect on deposit characteristics, such as porosity, deposit efficiency and 
micro hardness. 

The cooling and solidification rate for thermal spray deposits are dependent 
on the solidification of individual splats and substrate conditions. It has been 
suggested that cooling rates achieved in air plasma spraying are on the order 
of 107 K/s [25,26]. Moreau et al. have used two-color pyrometric techniques 
to directly measure temperature profiles and cooling curves for solidifying 
molybdenum and niobium particles during plasma spray deposition [27, 28]. 
They reported cooling rates on the order of 108 K/s for solidification on 
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Figure 10.6 Shape factors associated with formation of a thermal spray splat [24]. 

conducting substrates. This clearly indicates the splats undergo ultrarapid 
quenching thermal spraying. Table 10.2 shows the solidification parameters 
of direct relevance to structure which can be calculated from these cooling 
rates values [29]. 

The high solidification rates and the G1/R (degree of constitutional 
supercooling) values suggest a plane front growth as the likely mode of 
solidification. Figure 10.7 shows a model for the formation and solidification 
of a single splat [29]. Each column within a single splat is produced by plane 
front solidification, arising from multiple nucleation sites within the 
splat-substrate and splat-splat interfaces. Figure 10.8 is a cross-sectional 

Table 10.2 Solidification variables derived from cooling rates [29] 

Average Heat transfer Solidification 
cooling rate coefficient rate, R G1/R 

Material (K/s) (W/m2) (cm/s)" (Ks/cm2) 

Nickel 7 x 107 1.4 X 106 46 2.2 x 104 

Aluminum 1.5 x 108 3.5 X 106 15 3.7 x 104 

Molybdenum 2 x 108 1.8 X 106 150 1.2 x 104 

a Assuming no isothermal delay. 
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Figure 10.7 A model depicting the solidification and microstructure development of 
a single splat [29]. 

micrograph of a fractured plasma spray alumina deposit, illustrating the 
columnar grain morphology. Similar microstructures have been observed in 
plasma spray metals and other thermal spray materials. Further, it has been 
shown that texture is likely in these columnar solidified deposits, because 
under high solidification rates, it is expected that the fastest crystal growth 
direction will prevail. X-ray diffraction results from the back face of the 

Figure 10.8 A fractured cross section of a plasma spray ceramic coating showing the 
columnar grain morphology. 
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atmospheric and vacuum plasma spray nickel, Ni-5 AI, and molybdenum 
alloy deposits show strong (l 00) type texture [30]. 

10.6 MATERIALS SCIENCE OF THERMAL SPRAY DEPOSITS 

The model for microstructure development during thermal spray deposition 
suggests heterogeneous nucleation of a solid phase followed by columnar 
growth. The high cooling rates (large solidification rates) suggest massive or 
partitionless solidification via supercooling. This, associated with large 
undercooling, is expected to result in considerable solute trapping and the 
formation of metastable phases. Metastable phases are a frequent occurrence 
in thermal spray materials. Researchers have reported solid solubility 
extension in numerous plasma spray systems, namely Sampath in Ni -Cr 
[31J, Krishnanand and Cahn in AI-Cu [32J, Bhat et al. in Fe-C [33J and 
Sampath and Wayne in Mo-C [34]. From an earlier study, the present 
authors have shown complete supersaturation of chromium in nickel when 
an NiCr eutectic composition is plasma sprayed [35]. Metastable and 
amorphous phases are observed commonly in plasma spray ceramics, namely 
y-alumina, amorphous cordierite, amorphous hydroxyapatatite, tetragonal 
zirconia, etc. In addition to formation of metastable phases, thermal spray 
deposits typically show nanometer to submicron grain size distributions 

Figure 10.9 Transmission electron micrograph showing submicron grain size in a 
vacuum plasma spray Ni-based alloy [36]. 
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associated with rapid solidification, Fig. 10.9 [36]. All of the above features 
have interesting implications for physical and mechanical properties of the 
deposits. 

10.6.1 Coating testing and characterization 

As indicated above, thermal spray deposition involves the quasi-continuous 
rapid deposition and solidification of molten droplets. This process results 
in microstructures with many defects, including porosity and, in the case of 
metals plasma sprayed in air, oxidation. There are industrial standards which 
specify limits for these defects, but it is difficult to control and to characterize 
them in sufficient detail to allow the establishment of realistic standards and 
specifications. These imperfections are generally determined by optical 
metallography, although SEM is occasionally employed for more detailed 
analysis. In addition, since the buildup of the coating involves rapid 
solidification processing there will result a significant percentage of metastable 
phases, which will commonly revert to more equilibrium structures at elevated 
temperatures. Thus, phase analysis is of the greatest importance, using X-ray 
diffraction methods, for example. Listed below are the characterization 
methods currently employed and those with potential for incorporation in 
the technology. 

Microstructure 

Metallographic analysis is usually carried out on coating cross sections in 
order to evaluate imperfection structure and to achieve a detailed examination 
of the coating-substrate interface. Both optical and scanning electron 
microscope (SEM) studies are common. For optical studies, one must be 
careful during polishing not to apply too great a pressure to avoid pulling 
out particles, otherwise the porosity value would be too large (see below). 
Several strategies help to avoid pullout particles in ceramic coatings, which 
are most susceptible to this weak interbonding problem. One approach is 
to infiltrate the coating with an epoxy (vacuum impregnation); this effectively 
strengthens the coatings and maintains interparticle integrity during grinding 
and polishing. These methods are discussed in the literature [37]. 

Porosity 

Voids, cracks and coating decohesion are usually detected by metallographic 
techniques. However, two-dimensional cuts of a complex, defect-ridden 
sprayed microstructure are extremely difficult to analyze and the true 
three-dimensional character of the microstructure is complex to ascertain. 
Porosity can be viewed generically as the absence of material within the 
coating. The pores that are observed are nominally disk-like and lie between 
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the splats, forming during rapid solidification, Fig. 10.10 [38]. There are also 
vertical crack-like 'pores' that are both within the splats and positioned in 
torturous orientations among them. A reasonably full characterization has 
been accomplished through a combination of metallography and small-angle 
neutron scattering (SANS) [38], an important technique for elucidating 
porosity. In this method, long wavelength (cold) neutrons transit a thick 
specimen (millimetric or centimetric) and the scattering from internal pores 
is detected by a sensitive area detector. The scattered neutron profile can be 
analyzed to yield information on internal specific surface (area/volume), which 
is, in fact, related to the total surface of the pores sampled by the neutron 
beam. Preliminary SANS experiments on plasma spray alumina ceramics, 
performed at the High Flux Beam Reactor (HFBR) at Brookhaven National 
Laboratory and at the National Institute for Standards and Technology, are 
very promising [39]. Using various profile analysis methods, it has been 
possible to demonstrate that SANS can be used in a relatively practical 
manner to give information on pore size distribution and orientation. 

The porosity in question is found to be either surface connected or totally 
enclosed. Surface-connected porosity can be examined through techniques 
such as mercury or helium porosimetry, but enclosed pores are not greatly 
accessible by traditional means. SANS, however, can be used to 'image' these 
pores. Plasma spray ceramics, for example, are comprised of flat, pancake
shaped particles (splats) which are 'welded' together around their peripheries 
[40]. Consistent with thermal conductivity measurements, the splats are 
essentially separated by lenticularly shaped pores with these tenuous connection 
points [41]. Both the splats and the pores are thought to lie normal to the 
direction of particle impact. SANS is ideally suited to study this pore structure. 
Thus, the pore structure, which may be so voluminous (perhaps 10 vol% 
and greater) as to be beyond the limit of percolation, presents a highly 
anisotropic array. 
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More commonly, porosity is determined by water displacement and 
mercury intrusion techniques. Water displacement measures all of the pores 
but mercury intrusion detects only those that are surface connected [42]. 
Both techniques allow a reasonably good understanding of how pores and 
cracks form in thermal spray materials. It is important to note that metal 
coatings generally contain fewer pores than ceramic coatings. 

A key consideration is the dependency of porosity on spray ambient 
environment, powder characteristics (i.e. size and size distribution) and plasma 
spray parameters (e.g. power level, gas flow features and spray distance). The 
atmosphere in which spraying is carried out will have a significant influence 
on, for example, oxidation of metals, leading to greater porosity. Therefore, 
an inert atmosphere will decrease the porosity level in most metal coatings. 
As the spray ambient pressure decreases, the flame velocity goes up, along 
with the particle velocity, leading to a higher impact velocity of the molten 
particles onto the workpiece. This will result in flattening of the splats to a 
far greater extent than for atmospheric spraying, achieving a denser, lower 
porosity deposit. Relative to the torch spray parameters, it can generally be 
said that when the parameters are such, as the particle velocity increases, the 
porosity decreases. The same kind of generalization can be made for feedstock 
particle size: the larger the particle size, the greater the average porosity. 

A common feature of plasma spray ceramic deposits is porosity and 
sometimes microcracks. These imperfections can be both beneficial and 
deleterious to the performance of ceramic deposits. The pores can act as 
crack stoppers and thus enhance fracture toughness, whereas the cracks can 
give rise to either transformation toughening (e.g. for partially stabilized 
zirconia) or to fracture initiators. Whatever the case, it is imperative to be 
able to characterize the imperfections in plasma spray ceramic bodies. 

The usual ceramographic means of characterizing porosity and micro crack 
depend on proper polishing of cross sections, with subsequent examination 
using an inverted-stage reflection microscope. Image analysis techniques are 
applied which, when properly executed, can yield important information. 
This, in conjunction with intrusion methods (e.g. mercury intrusion porosimetry) 
and possibly permeability methods and SANS, can yield a reasonably good 
picture of the defect structure. Unfortunately, there are numerous well
documented ambiguities to contend with in the interpretation of these 
measurements. For example, porosimetry only detects surface-connected 
pores and cracks, but a large portion of the defects are within the sprayed 
body, not connected to the surface. Interior defects would presumably be 
detected by ceramographic techniques, but as discussed above, they very 
much depend on how the specimen is cut, mounted and polished; particle 
pullouts are an all too frequent occurrence. 

An advanced method of evaluating the defect structures of thermal spray 
ceramics (HVOF and plasma) has been exploited by workers at Stony Brook 
working jointly with the Department of Applied Science at Brookhaven 
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National Laboratory. In a program sponsored by the General Electric Gas 
Turbine Division, high intensity X-ray computed microtomography was 
employed to image voids in plasma spray ceramic deposits [43]. These 
measurements, obtained at the X-21 beam line of the National Synchrotron 
Light Source, allowed an accurate determination of the overall deviation 
from theoretical density and the detection of voids and cracks in the deposit. 
Future studies should be aimed at relating these images to thermal spray 
processing parameters. 

Phase analysis 

As in any materials analysis study, thermal spray coatings are commonly 
subjected to phase determination using X-ray diffraction. In the case of spray 
coatings, however, the deposits have undergone various levels of rapid 
solidification and thus metastable phases are common. In addition, as is 
commonly observed in studies of rapidly solidified materials, amorphous 
phases are readily observed. Both ofthese considerations will add complexities 
to interpretations of diffraction patterns. 

Adhesion 

From an applications point of view, coating~substrate adhesion will be one 
ofthe most important properties to be considered. A recent review concerning 
this question has been written by Berndt and Lin [44]. The American Society 
for Testing and Materials (ASTM) defines adhesion as 'the state in which 
two surfaces may consist of valence forces or interlocking forces or both' 
[45]. However, the term adhesion requires special definition for the purposes 
of thermal spray coatings because they can be considered as 'composites' at 
the microstructural level. The basic bonding mechanisms which have been 
defined for thermal spray coatings onto metal substrates can be categorized 
into three major groups: (i) mechanical interlocking and anchoring; (ii) 
metal~metal or ceramic~metal bonding; and (iii) chemical bonding (formation 
of intermetallic compounds with the substrate). 

The specific thermal spray will influence the microstructure of the coating 
and, therefore, it can be inferred that the adhesion strength of the deposit 
will vary with the process. Factors affected by the spray parameters, such as 
the size and distribution of porosity, oxide content, residual stresses and 
macro- or micro-cracks, influence the performance and failure of the coating 
system. Substrate preparation (e.g. grit blasted, cleaned, preheated) also plays 
an important role in determining the properties of the coating. 

One difficulty with any mechanical property assessment of coatings is how 
to attach a loading device to the coating without influencing the property 
that is being measured. The adhesion measurement can be taken as a control 
parameter that can be used as a guide to optimization of the many process 
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parameters which are associated with thermal spray. Usually, tensile adhesion 
tests are widely performed as quality control inspections [46]. A fracture 
mechanics approach is based on defining adhesion in terms of a stress intensity 
factor K or strain energy release rate G. Methods of measurement include 
a double cantilever beam (DCB) test, a double torsion test, a bending test 
and a hardness indentation test. The scratch test is being considered within 
the biomedical industry to examine the adhesion of plasma spray hydroxyapatite 
to orthopedic prostheses. Acoustic emission has also been studied to asses 
the 'crack density function', i.e. a product of the number of cracks and crack 
size. And various means of ultrasonics testing are potentially nondestructive 
methods for examining the adhesion strength of coatings. There are many 
other qualitative and quantitative methods that can be employed to evaluate 
adhesion. These techniques may be used for both fundamental understanding 
of coating performance or as tests for quality control. However, there is still 
no ideal adhesion test which can satisfy all requirements, so modifications 
to existing techniques and newly designed methods can further improve 
adhesion tests. 

10.7 THERMAL SPRAY COATING APPLICATIONS 

10.7.1 Thermal spraying for wear control 

Thermal spray coatings find extensive applications in wear and corrosion 
resistance for industrial machinery. Some of the materials include metals 
such as Mo-based alloys, aluminum bronze and stainless steels; cermets, such 
as WC-Co and Cr3C2 -NiCr; and ceramics, such as A120 3 - Ti0 2 and Cr20 3• 

The coatings are subjected to a variety of abrasive, adhesive and erosive wear 
conditions and, therefore, an understanding of the tribological behavior of 
the deposits in relation to properties is critical in evaluating their performance. 
The lamellar nature of the deposit results in nonuniform wear with little or 
no incubative processes. Thus, the tribological behavior of the coatings is 
closely linked to the microstructure. Inhomogeneities in mechanical properties, 
such as hardness, anisotropy in toughness and varying surface profiles, all 
lead to wide variations in wear behavior. However, these variations can be 
included to develop predictive relationships. 

Alloys based on refractory metals, especially Mo-based composites, have 
been used as thermal spray coatings for numerous adhesive wear environments. 
Flame spray Mo wire and plasma spray Mo pseudoalloys are used in the 
automotive, pulp and paper, and aerospace industries. For example, Mo
based coatings are used in automotive piston rings to provide scuff resistance 
and reduce adhesive sliding wear [47]. The beneficial frictional behavior of 
Mo-based coatings has been identified by Overs et al., who attribute the 
lowered friction to the formation of a surface film on molybdenum [48]. A 
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detailed review of the wear mechanisms of thermal spray Mo-based coatings 
is provided by Wayne, Sampath and Anand [49]. 

WC-Co and Cr3C2-NiCr based cermets are used extensively as thermal 
spray coatings for protection against abrasive, fretting and erosive wear 
environments. The single largest user of such coatings is the aircraft engine 
industry, where turbine compressors, midspan stiffeners and other components 
are coated to reduce wear and increase component life. Carbide coatings 
have been applied to aircraft engine components since the early 1950s using 
the detonation gun (D-gun) and plasma spray processes. The D-gun process 
has been proven in its ability to produce dense, well-bonded, hard deposits 
which enhance the component life by reduced wear. These coatings are applied 
in numerous sectors, such as printing, petrochemicals and machinery 
construction. The advent ofthe HVOF process has resulted in coatings which 
are equivalent, or sometimes superior, to those obtained by D-gun coatings. 
Furthermore, the HVOF process offers considerable versatility in mobility 
and in handling and, therefore, for applications. This has significantly 
enhanced the commercial potential for wear-resistant thermal spray coatings. 

In a recent structure-wear property relationship study by Wayne et aI., 
several interesting observations were reported [50]. WC-Co thermal spray 
coatings processed by plasma and HVOF techniques show large anisotropy 
in indentation fracture toughness. Typically, the toughness was 10:1 between 
directions perpendicular and parallel to the lamellae. This has important 
implications on wear behavior. It was also found that abrasive and erosive 
wear can be empirically related to hardness, indentation fracture toughness 
and a microstructural parameter as follows: 

Wear resistance rxK 3/8 H l /2 _--=-f----,,, ( v. Co ) 

Ie 1 _ VrCo 

where K Ie is the indentation fracture toughness, H is the hardness and Vrco 

is the volume fraction of cobalt. 
Figure 10.11 compares the abrasion and erosion wear resistance for the 

WC-Co coatings from various thermal spray processes [50]. For reference, 
the wear resistance of sintered compositions are also included. It is clear that 
the HVOF coatings have excellent wear resistance, approaching that of 
sintered WC-Co materials. 

Recent developments in the use of thermal spray coatings for wear control 
include coatings on aluminum alloy cylinders for internal combustion engines 
[51, 52]. Although this technology is still in the development stage, all of 
the preliminary results indicate that thermal spray coatings do perform well 
even under severe conditions. Such technologies will not only increase the 
utilization of thermal spray coatings, but will also positively reflect on the 
role of thermal spray technology in advanced manufacturing. 
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Figure 10.11 Abrasion and erosion resistance of thermally sprayed WC-Co coatings 
in comparison to their sintered counterparts [50]. 

10.7.2 Thermal spraying for corrosion protection and infrastructure 
maintenance 

Thermal spraying a metal onto the strucure is used to prevent corrosion on 
steel. Active metals, such as zinc, aluminum and zinc-aluminum alloys, are 
normally chosen for this purpose. These inexpensive metals and alloys are 
readily in wire and powder form, which makes them suitable for spraying 
large structures. When sprayed to thicknesses between 5 and 20 mils (0,13-
0.51 mm), they provide cathodic protection (CP) to the steel. CP is achieved 
when an external source is providing electrons to a region in which corrosion 
would normally take place, As in the case of corrosion protection of steel 
bridges, the coatings of Zn, Al and Zn-AI alloys sacrificially corrode, 
providing the electrons needed to protect the steel; this type of protection is 
specifically called galvanic protection. For concrete bridges CP is also used 
to protect the reinforcement steel, but the electrons come from a different 
source; instead of obtaining the electrons from the sacrificial metal, the 
electrons are provided by an external DC power source, The Zn, Al and 
Zn-AI alloy coatings are used as a conductive layer; this type of protection 
is specifically called impressed current cathodic protection. By using cathodic 
protection, the corrosion protection extends into regions of the coating which 
have been damaged or regions which could not be sprayed, 

Other parts of the infrastructure which could greatly benefit from thermal 
spraying include underwater tunnels, concrete and steel gates on a river lock 
and gate system, river dams, offshore oil rigs, steel piping which runs 
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underground or above ground, water towers, railroad cars and ships. Thermal 
spraying can be used in harsh environments to protect many engineering 
components made of ferrous alloys. 

Barrier protection is another type of corrosion protection which can be 
achieved through thermal spraying. The thermal spray coating acts as a 
barrier between the outside environment and the steel. Compared to cathodic 
protection, thermal spray barrier coatings are better because they do not act 
sacrificially, but on the other hand, they do not give protection to uncoated 
regions or regions where the coating becomes damaged. Stainless steel has 
a naturally formed protective outer layer of chromium oxide. Other materials 
which produce a stable oxide layer are alloys containing molybdenum, 
chromium, nickel, ceramics and polymers. 

10.7.3 Thermal spraying of polymers 

Thermal spraying of polymers is gaining increased attention because of its 
ability to apply polymer coatings having a range of thicknesses, 0.002-0.25 
in. (0.05-6.35 mm), onto a wide variety of substrate materials. Intrinsic 
polymer properties of interest include high chemical resistance, high impact 
resistance and high abrasion resistance, enabling applications to include plow 
blades, pump impellers, tank linings, external pipe coatings, structural steel 
coatings, light poles, transfer chutes and vacuum systems. 

Fabrication of compound coatings with interesting chemistries is made 
possible by the incorporation of a second phase of polymer, metal or ceramic. 
Polymer matrix composites, (PMCs) are used as high temperature adhesives, 
in fuselage skins to reduce fatigue cracking, in engine components for 
increased propulsion, and in any structure requiring higher strength-to-weight 
ratios and lower manufacturing costs. 

Thermal spray polymer coatings are generally achieved by the melting and 
high velocity deposition (in some cases atomization deposition) of polymeric 
feedstock material. The polymer powders can be prepared by freezing the 
feedstock followed by a grinding operation. One can dissolve a polymer in 
a suitable solvent to obtain a suspended solution containing the dispersed 
polymer chains. When the polymer powder is dried, UV stabilizers, special 
additives and pigments are melt compounded with the base polymer and 
subsequently propelled through a flame. Upon melting, they become molten 
droplets and are transported to the substrate. As the molten particles impinge 
on the substrate, they coalesce and flow to form a homogeneous coating. 
Polymers that have been successfully sprayed to date include polyethylene, 
polypropylene, polyester, polyamides, polyvinylidene fluoride, poly tetra
fluoroethylene and ethylene methacrylic acid copolymer [47]. 

The properties of the polymer coating depend upon the chemical nature 
of the polymer and the influence of process conditions. Variations in particle 
size and the distribution of molecular weights will affect the melting points 
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of the polymer powders, which in turn will affect the coating's surface 
characteristics. For instance, fine particles will pyrolize whereas larger 
particles may remain unmelted. Substrate preheating can be an important 
consideration because it will enable the flow of impacting polymer droplets. 
However, excessive heating can cause polymer outgassing, resulting in 
increased porosity. 

The performance of thermal spray coatings also depends upon the heat 
output applied to the polymer as well as the polymer's inherent properties. 
Overheating the polymer will lead to a reduction in coating performance 
before any visual signs of thermal degradation are evident. The optimum 
thermal window is polymer specific. The upper temperature limit is controlled 
by the thermal degradation sensitivity, and the lower limit is a function of 
the melting characteristics. Incorporating polar groups into a polymer 
increases the adhesion to polar substrates due to strong hydrogen and 
ionomeric bonding. However, excessive thermal input to such a material and 
to thermoplastics in general will increase the degree of cross-linking to the 
point of delamination from the substrate. 

One must optimize thermal spray process parameters coupled with a 
knowledge of polymer chemistry and process dynamics in order to spray 
successful coatings that encompass an engineering spectrum of applications. 

10.7.4 Thermal spraying of biomaterials 

The alloys used for implantation in the human body were adopted from the 
aircraft industry where the performance of materials such as 316L stainless 
steel, Co-Cr and Ti-6 AI-4 V alloys are well documented. Various types 
of porous surfaces were manufactured to aid bone ingrowth, known as 
osseointegration. Among other things, the functionality of the implant was 
limited by its ability to bond with bone. 

Thermal spray technology was the obvious choice for coating implants 
with Ti-6 AI-4 V and pure titanium. Hip prostheses were plasma sprayed 
with titanium to provide a larger surface area for bonding. Dental implants 
with threaded sections could interdigitate with bone, further increasing the 
attachment strength. Other techniques used to roughen the surface did not 
prove to be as good. The bone grew up to the implant, but was separated 
by a thin non bonding layer. Bioactive glasses were developed to enable a 
direct bond with the surrounding bone. Due to their brittle nature, they were 
limited to percutaneous devices or used in the middle ear, and also for 
bacterial seals. Calcium phosphates, in particlar hydroxyapatite, were synthesized 
and applied as coatings. Hydroxyapatite, already found in the body as the 
mineral phase of bone, was believed to be intrinsically biocompatible, hence 
the interest in this material. Thermal spraying of hydroxyapatite, which has 
a rich thermal chemistry, results in a coating with by-products such as 
tricalcium phosphate ofthe (J(- and {J-phases, calcium oxide and an amorphous 
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phase. Nevertheless, hydroxyapatite deposited to a thickness of 50 ~m is used 
widely in hip, knee, tooth and other prostheses where an intimate bond with 
bone leads to good fixation of the implant. 

Hydroxyapatite-coated prostheses on the market differ in phase composition 
and microstructure. The behavior of the coated object depends upon the 
composition, porosity, thickness, residual stresses, roughness, size of lamellae 
and mechanical properties of the coating. Hydroxyapatite is not completely 
understood, but its ability to hasten the growth of bone up to the impant is 
recognized as being an advantageous factor. The capacity of hydroxyapatite 
to encourage faster fixation is defined as osteoconduction. The dissolution 
gives rise to a supersaturation of the ionic species at the implant site, which 
causes epitaxial growth of crystals from the crystalline areas of the coating 
into the bone. Implantation of a hydroxyapatite-coated implant in porous 
bone will lead to a higher success rate than using an uncoated implant because 
of earlier and possibly better fixation with bone, however, the location of the 
amorphous phase, being more resorbable, can lead to coating delamination 
if it is found adjacent to the substrate. In the presence of bone, a gap between 
the coating and the bone can be bridged. Studies are still being performed 
to discover if hydroxyapatite has a more powerful capacity, known as 
osteoinduction. This is the capacity of bone to grow upon a hydroxyapatite 
material in an ectopic site of the body (i.e. where there is no bone in the 
vicinity of the implant). 

10.7.5 Thermal barrier coatings (TBCs) 

Thermal barrier coatings (TBCs), such as partially stabilized zirconia, are 
applied by plasma spray to thicknesses of 0.005 in. (125 ~m) and up, depending 
on the application. This class of ceramic has a very low thermal conductivity, 
effectively insulating the underlying superalloy substrate from the high 
temperature environment. For gas turbine applications, the thickness of the 
TBC will be 0.005-0.010 in. (125-250 11m). At this thickness range, for hot 
sections operating at temperatures around 1000 DC, the surface of the insulated 
superalloy component can be reduced by approximately 100°C, enabling 
extended lifetime at the turbine's operating temperature or allowing the 
turbine to function at a higher, more efficient temperature. The sprayed TBC 
has a porosity of a few vol% which contributes further to a decrease in 
thermal conductivity. The remarkable feature of the TBC is its survivability, 
both in thermal shock and in the difficult environmental conditions within 
the gas turbine. The tenacity of the TBC originates from porosity, microcracks 
and inherent toughness of the particular ceramic. 

It is widely recognized that TBCs can have process-induced and 
application-related stresses which can limit the utility of the ceramic under 
thermal shock conditions, for example. Using two or more powder feeders, 
it is possible to spray or to grade from one feeder to the next, producing a 
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graded deposit, that is, from all metal at the substrate to all ceramic facing 
the outside environment. This approach is highly effective for reducing 
interfacial stresses and ensuring enhanced adhesive bonding in high performance 
applications. The grading can be extended to larger distances (e.g. millimeters), 
yielding functionally graded materials. Another approach to composite 
deposits is to employ a composite powder, perhaps produced by standard 
powder agglomeration methods. 

10.8 THERMAL SPRAY AND ADVANCED MANUFACTURING 

Thermal spray technology is poised to experience a new recognition on the 
part of the general engineering community. Although active for some 30 
years, principally in vital repair and maintenance for heavy industry, and in 
servicing aerospace with a diversity of protective coatings, the field has up 
until now played a limited role in manufacturing. But this is changing rapidly. 
Numerous industries, in recognition of thermal spray's versatility and inherent 
economics, have introduced the technology into the manufacturing environment. 
Automotive companies plasma spray alumina onto millions of alternators 
each year, and there is a strong thrust towards thermal spraying of wear 
resistant cylinder coatings on aluminum engine blocks. Insulated metal 
substrates are being formed with plasma spraying for use in the microelectronics 
industry. And diesel engine manufacturers, in producing fuel efficient, low 
heat rejection engines, are using plasma spraying to form thick thermal barrier 
coatings onto piston crowns. Manufacturers the world over are employing 
plasma spray to produce solid oxide fuel cells so they can be economically 
competitive for producing power. 

There are numerous applications of thermal spray which are now evolving 
and which will represent a sea change for the technology, with many 
concomitant opportunities and challenges. But although manufacturing 
appears ready for thermal spray, it may be that thermal spray is not yet 
prepared to enter a high production environment, in which performance, 
reproducibility and costs are the controlling factors. Until recently, thermal 
spray has developed mainly by trial and error, nevertheless, yielding some 
astounding results and helping it to become the mainstay of any number of 
industries such as aerospace and paper manufacturing. Now its versatility 
(virtual freedom in materials selection) and its inherent process complexity 
(large numbers of interacting process parameters) are starting to limit an 
Edisonian approach; they require that a concerted effort be made to place 
the technology on a sound scientific basis. 

10.9 SUMMARY 

Thermal spray science and technology is now beginning to enter the 
vocabulary of materials science. This was not the case one or two decades 
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ago when the field was a very applied activity, well behind the neighboring 
technology of welding, already widely appreciated by the materials community. 
Things have now changed, and there is a worldwide excitement about the 
future possibilities of thermal spray. But much needs to be done to gain a 
fundamental understanding of the phenomena which govern its complex 
processes. 
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Degradation of coatings by high 
temperature atmospheric corrosion 
and molten salt deposits 
N. Birks, G.H. Meier and F.S. Pettit 

11.1 INTRODUCTION 

In discussing the degradation of coatings, it is necessary to consider the 
environments to be examined and the particular sources of data to be utilized. 
The questions of generation and use of test data are important because the 
degradation of coatings is important to many industrial applications. A wide 
variety of tests are available to examine coatings degradation. Some tests 
attempt to simulate the conditions of use. Others are more concerned with 
the definition of conditions causing the degradation, such as temperature 
and gas composition. An important parameter in coatings degradation is the 
microstructure developed during use in the application of interest. Relevant 
test data then relate to those tests that duplicate this degradation microstructure. 

In this chapter the important types of environmentally induced degradation 
of coatings will be described. Both metallic and ceramic coatings will be 
considered. Oxygen is the principal reactant in many industrial environments, 
and the effects of oxidation on coatings will be examined first. The influence 
of other reactants in gases, such as sulfur and carbon, will then be described, 
considering the effect of very low oxygen pressures as can arise in some 
petrochemical processes. Next, degradation caused by deposits such as 
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Na2S04 and NaCI will be described. Finally the effects of erosion on the 
various types of corrosion will be described. 

11.2 METALLIC COATINGS 

11.2.1 Oxidation 

Coatings that confer oxidation resistance do so by forming protective reaction 
product barriers such as A120 3, Si02 or Cr 203 when exposed to the oxidizing 
environment. Such coatings are formed on alloys by aluminizing, siliconizing 
or chromizing, respectively, or by applying MCrAIY coatings. Degradation 
of these coatings occurs by cracking and spalling of the oxide scales. Cracking 
of the coating also can occur in some systems. The coatings consequently 
become depleted of the elements necessary to form the protective oxide 
barriers, as shown in Fig. 11.1 for the case of an aluminide coating, and 
eventually the protective barrier can no longer be formed upon the coating. 
The coating has failed. 

There are numerous factors which affect the lives of coatings in addition 
to the use or exposure conditions. Some factors are the composition and 

.. 

Figure 11.1 Aluminide coating on nickel-base superalloy after 30 h of oxidation at 
1200 DC in air. Proceeding from the gas interface, zones of y(nickel solid solution), 
y'(Ni3Al) and P(NiAl) are evident. The as-processed coating contained 100% p-phase. 
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thickness of the coating, the composition of the substrate upon which the 
coating is placed, and the mechanical properties of the coating. Higher 
concentrations of the element used to form the protective oxide barrier leads 
to longer lives, but there are limits that cannot be exceeded due to lack of 
ductility or melting, for example, which depend upon the systems under 
consideration. Other elemental additions can also be important. The addition 
of chromium permits an MCrAIY coating to remain an Al20 3 former down 
to lower aluminum concentrations [1,2], and yttrium improves the adherence 
of Al20 3 to the coating [3, 4]. It is also well established that platinum in 
diffusion aluminides extends the lives of such coatings [5] as shown in Fig. 
11.2. The mechanism by which platinum affects the coating lives is not 
completely understood; it may improve Al20 3 adherence, causing an Al20 3 

scale to develop with slower transport properties due to higher purity, and 
it may inhibit interdiffusion between the coating and the substrates [6, 7]. 
Other precious elements such as rhodium produce similar effects [8], and 
more recent results show that palladium also may produce beneficial effects [9]. 

An example of substrate compositional effects is shown in Fig. 11.3, where 
the life of an aluminide coating on the superalloy B-1900 is significantly 
greater than on Mar M-200. This figure also shows that the oxidation 
resistance of B-1900 is better than that of Mar M-200. The alloy B-1900 has 
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Figure 11.3 Weight change versus time data for the cyclic oxidation of two uncoated 
nickel-base superalloys and the same two alloys coated using a diffusion aluminizing 
treatment. The degradation of these alloys consists of two stages. An initial stage of 
less severe attack (not evident on one of the uncoated alloys for the timescale used) 
and a subsequent stage of more rapid attack. 

a higher aluminum concentration than Mar M-200, partially responsible for 
the observed results, but other factors may also be important. For example, 
recent results show that sulfur in alloys (Fig. 11.4), can significantly affect 
oxidation resistance. It appears that small concentrations of sulfur (e.g. 
> 1 ppm) adversely affect the adherence of Al20 3 scales [10, 11]. It is quite 
possible that sulfur in alloy substrates can adversely affect coating performances. 
It has also been observed that small boron concentrations (",0.1 wt%) in 
superalloys can cause oxide pit formation during oxidation of MCrAIY 
coatings, but the reasons for this condition are not understood. 

Cracking in coatings can occur as a result of thermally induced stresses, 
arising from differences in thermal expansion coefficients, or stresses imposed 
by the load carried in the application. Silicon carbide and silicon nitride 
coatings will be discussed in more detail in the section on ceramic coatings. 
When these coatings are used on carbon-carbon composites, cracking occurs 
due to differences between thermal expansion coefficients, Fig. 11.5 [12, 13]. 
Silicide coatings can present similar problems. At high temperatures these 
cracks may seal upon subsequent oxidation by Si02 formation in the cracks, 
but at temperatures below about 1200 'C, Si02 formation is not sufficient 
and elements which result in the formation of liquid oxides, such as boron, 
are added to coatings to attempt to seal cracks. Cracking can occur in 
aluminide coatings as a result ofthe imposed load (Fig. 11.6), then the required 
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Figure 11.6 Ductility of CoCrAlY overlay and diffusion nickel aIuminide coatings. 
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increase in ductility can be obtained by reducing the aluminum concentration 
of the coating at the expense of coating oxidation life. Some MCrAIY coatings 
are susceptible to cracking caused by thermal fatigue (Fig. 11.7); and this 
problem can be overcome by changes in coating type or composition [14,15]. 

11.2.2 Degradation of coatings in gases with multireactants including oxygen 

Most metallic elements have greater affinities for oxygen than other reactive 
components in gases, such as sulfur, carbon or chlorine. Coatings in mixed 
gases with oxygen therefore degrade by oxide formation, but the other 
reactants generally cause the degradation to proceed more rapidly. The 
increase in degradation rate can arise from a number of causes. Figure 11.8 
presents results obtained for the cyclic oxidation of various alloys in an 
02-S02 gas mixture [16]. Initially all of the alloys degrade at rates 
comparable to those in simple oxidation but eventually the degradation rates 
become higher. Onset of the more rapid attack indicates the scale is no longer 
pure oxide but rather a mixture of oxides and sulfides with degradation rate 
controlled by transport through the sulfide. Similar effects can be observed 
with other reactants such as carbon [16], chlorine [17] and nitrogen [18]. 
The mechanism by which any of these second reactants affect degradation 

36r-------------------------------~ 

'" E 
() 

Ni-25Cr-6AI 
28 -

~20 
Ql 
Cl -
1ij 
.c 
.:: 12 
.c 
Cl 

'Qi 
3: 

gOODC 
Argon-5% Oxygen 

4- Ni-8Cr 

Fe-25Cr-6AI 
0 

-4 I I I 
Nii 30Cr 

I 

80 140 400 560 720 
Cycles (1 h/cycle) 
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of the coating certainly involves the formation of corrosion products through 
which transport is more rapid compared to oxides. But there are other 
important effects. The second reactant, especially sulfur, may adversely affect 
oxide adherence. Also, products of the additional reactants are formed in 
the coating just beneath the oxide scale, and when the oxide spalls, selective 
oxidation of aluminum and chromium is more difficult because of their 
presence. This is illustrated in Fig. 11.9 where an Fe-IS Cr alloy oxidizes 
much more rapidly in CO2 than oxygen because of carbide formation. 

In gases where the oxygen partial pressure is very low or negligible, oxide 
formation is not as important and the other phases, such as sulfides or 
chlorides, play dominant roles in the degradation processes. Since transport 
through these phases is more rapid than oxides, degradation of the coatings 
is generally more rapid compared to oxidation. It is also possible to have 
some volatile products form which can result in very accelerated degradation 
rates. When environments are encountered which contain very little oxygen, 
an entirely different coating may be required in order to develop corrosion 
resistance. For example, in gases very rich in chlorine, aluminide coatings 
degrade extremely rapidly due to formation of volatile corrosion products, 
and coatings which form solid corrosion products will degrade at slower rates. 

CARBIDES 

,601Jm, , 10~m , 

Figure 11.9 Photomicrographs showing products formed on an Fe-iS Cr alloy after 
exposure at 900 °C to (a) 0.2 atm (20 kPa) oxygen (16.2 h) and (b) pure flowing CO2 

(4 h). The chromium is selectively oxidized in oxygen but carbide formation in CO2 

prevents the selective oxidation of chromium and much less protective iron oxides 
are formed. 
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11.2.3 Degradation of coatings induced by molten salt deposits 

Degradation of alloys is usually more severe when molten deposits accumulate 
on the surface. The degradation sequence usually consists of an initiation 
stage, during which the attack is virtually the same as for the alloy in the 
absence of the deposit, and a propagation stage, during which the attack is 
substantially increased. The length of the initiation stage and the type of 
degradation during the propagation stage depend upon the type of deposit. 
A great variety of deposits are reltvant to industrial processes. Some typical 
deposits are Na2S04 and solutions of Na2S04 and Na V03. In considering 
the degradation of coatings induced by deposits, it is first necessary to describe 
the composition ranges over which the deposits exist. These compositional 
ranges depend upon the gas environments. Furthermore, as the coated alloys 
become separated from the gas environments by the deposits, compositional 
gradients are developed across the deposits, extending from the coating -deposit 
interface to the deposit-gas interface. Stability diagrams, such as Fig. 11.10, 
can be used to describe compositional gradients across deposits on coatings. 
In Fig. 11.10, various compositions of Na2S04 are defined by the S03 and 
oxygen pressures. The deposits may become acidic or basic, depending upon 
the nature of the reactions that occur between the deposit and the coating. 

The thickness of the deposit also has a significant effect on the hot corrosion 
process. When the deposit is thicker, or materials are immersed in a melt, 
the gas environment is less important. Hot corrosion of materials during the 

t 
rfN 
0> 
o 

-.J 

. . . . 
. . . . . 
. . . . . . 

. . . . . 
. . . . . 
. . . 

. . . 

Increasing Ps ..-

. .......... // 
Basic Acidic 

Log PS03-

-- Log aNa20 

Figure 11.10 Thermodynamic stability diagram for the Na-O-S system showing 
how the composition ofNa2SO 4 may change due to reaction of the alloy with the deposit. 
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propagation stage can be viewed as consisting of three sequential 
processes: 

• Reactions between the metallic or ceramic coating and the deposit, 
• Diffusion through the molten deposit, 
• Reactions between the gas and the molten deposit. 

In order to understand the overall hot corrosion process, it is necessary to 
describe in thermodynamic and kinetic terms the essential features of these 
three sequential processes. A great variety of possibilities exist, depending 
upon the coating composition, the composition and thickness of the deposit, 
the temperature and the composition of the gas. A number of references 
describe some of these processes in more detail [19- 22]. The point to 
emphasize is that the microstructural features can be used to help identify 
the forms of the hot corrosion degradation. For example, some microstructures 
of degraded coatings are presented in Figs 11.11 and 11.12. The microstructure 
in Fig. 11.11 typifies low temperature hot corrosion (type II) of a CoCrAIY 
overlay coating after 4200 h of marine service. The coating microstructure 
in Fig. 11.12 is after service in an aircraft gas turbine and the coating has 
degraded via high temperature (type I) hot corrosion. Figure 11.12 also shows 
the attack of the alloy substrate at a point where the coating has been 
penetrated. This microstructure is typical for hot corrosion of superalloys. 

11.3 CERAMIC COATINGS 

11.3.1 Gaseous attack 

In discussing the attack and degradation of ceramic coatings, few data are 
available on mixed gas attack and it is reasonable to group all types together. 

COATI G 

Figure 11.11 Photomicrograph showing features developed during the hot corrosion 
of CoCrAlY coatings in marine service (coated vane after 4200 h service). 
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Figure 11.12 Photomicrographs of aluminide-coated nickel-base superalloy after 
service in an aircraft gas turbine. Photomicrographs (b) and (c) are typical of high 
temperature hot corrosion: (b) shows hot corrosion features developed in the coating, 
whereas (c) shows features developed in the superalloy substrate after the coating was 
penetrated. 

There are essentially two types of ceramic coatings, oxide and non oxide 
ceramics. Examples of nonoxide ceramics consist of SiC and Si3N4. These 
ceramics rely upon the development of protective oxide barriers for resistance 
to attack similar to that of metallic coatings. Oxide ceramics do not react 
substantially with oxygen-rich gases. A typical oxide ceramic coating is yttria 
stabilized zirconia. 

When SiC or Si3N4 are exposed to oxygen at elevated temperatures, silica 
scales are developed. As discussed by Luthra [23], these scales are usually 
amorphous at the beginning of oxidation and at low temperatures, and they 
tend to crystallize at longer times, at higher temperatures and in the presence 
of impurities. The growth rates are controlled by complex processes, but as 
proposed by Luthra, probably involve mixed control, being influenced both 
by an interface reaction and diffusion. The temperature dependence of 
parabolic rate constants for silica scales is less than for Al20 3 and Cr20 3 
(Fig. 11.13), consequently silica scales may be more effective reaction product 
barriers at temperatures above about 1400 0c. 

Cracking is the principal problem encountered with ceramic coatings. As 
mentioned previously, this problem is most severe in the case of SiC and 
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Figure 11.13 Parabolic rate constants versus temperature for growth of oxides that 
provide adequate protection at temperatures above 12oo·C. A rate constant of 10 - 10 

(g2/cm4 s)is taken as a limiting rate constant for service. Weight gains at 10- 10 g2/cm4 s: 
6 mg/cm2 for 100 h, 19 mg/cm2 for 1000 hand 60 mg/cm2 for 10 000 h. 

Si3N4 at temperatures below about 1200·C for which the oxidation rates 
are too low to permit sealing of cracks via silica formation. However, even 
at temperatures above 1200 T cracking is a problem for long exposures with 
thermal excursions. In the case of oxide ceramics, sealing of cracks can only 
be attempted using B20 3 or similar sealants, not very effective with extensive 
times at temperature. Consequently, oxide ceramic coatings are currently 
used mainly as thermal barrier coatings. 

11.3.2 Hot corrosion 

Very little data is available on the hot corrosion of ceramic coatings. 
Generally, non oxide ceramics are more susceptible to hot corrosion attack 
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Figure 11.14 Thickness of layers formed for the oxidation, acidic hot corrosion and 
basic hot corrosion of C-side and Si-side single-crystal silicon carbide and CVD 
silicon nitride after 168 hat 1000°C. Note that oxide thicknesses follow ° < A < B. 
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Figure 11.15 Solubilities of some oxides in Na2S04 at 1200 K as determined by Rapp 
and coworkers. Dissolution reactions consistent with the slopes of the curves are 
presented for A120 3 • The dashed lines give calculated solubilities using Temkin's 
model for ionic melts and the acidic or basic dissolution reactions discussed in the text. 
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than oxide ceramics, but results can be significantly affected by impurities 
in the ceramics as well as the compositions of the deposits. Figure 11.14 
compares the hot corrosion of high purity SiC and Si3N4 . Hot corrosion 
attack is more severe than oxidation. And basic hot corrosion conditions 
are more aggresive than acidic; this is due to the silica scales that are formed, 
which are more reactive in basic deposits [24, 25]. 

In the case of the hot corrosion of oxide ceramics, solubility data generated 
by Rapp and coworkers are especially valuable, Fig. 11.15 [26]. As illustrated 
in Fig. 11.15, the reaction of Al20 3 with Na2S04 can occur via either basic 
or acidic reactions, depending upon the composition of the Na2S04• For 
such reactions the deposits can become saturated with the dissolved oxide, 
and reactions will stop until additional deposits accumulate. 

In some cases the molten deposit can preferentially remove one component 
in the oxide. For example, deposits of Na V03 preferentially remove yttria 
from stabilized zirconia [27]. It is also possible for the reaction of oxides 
with molten deposits to occur in ways such that synergistic fluxing occurs. 
Such synergism arises when one oxide component dissolves basically and 
the other acidically [28, 29]. 

11.4 EROSION 

Erosion and oxidation, or erosion and hot corrosion, can occur concomitantly 
in certain systems. Erosive conditions in combination with corrosion are 
especially undesirable because the reaction product barriers used to develop 
resistance against corrosion can be destroyed by the erosion process. A 
number of investigations have examined these interactions [30-32]. Although 
these studies have not necessarily been concerned specifically with coatings 
degradation, the results are applicable to coatings. In the case of metallic 
coatings, when either the erosive or corrosive component is small, the 
degradation occurs by erosion or corrosion; however, when both erosion 
and corrosion rates are significant, the interactions can be divided into two 
different regimes - erosion enhanced corrosion, and corrosion affected 
erosion. There are at least three types of erosion enhanced corrosion. The 
first consists of thinning of protective scales by the erosion process to a point 
where eventually a constant scale thickness is reached, representative of equal 
rates of scale growth and erosive removal. The second also involves thinning 
of reaction products, but the erosion process also alters transport processes 
in the scale. The third is usually observed when the size of the eroding particles 
is about equal to the scale thickness and spalling of the scales can occur. 

As the intensity of the erosive component becomes large with respect to 
the still significant corrosive component, the corrosion affected erosion regime 
becomes important. Very often in this regime it is difficult to discern corrosion 
products because of their rapid removal by erosion, but the erosion process 
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is affected by the corrosive environment. The initiation stage may be 
substantially shortened in the case of hot corrosion conditions. 

The effects of erosive components on ceramic coatings at elevated 
temperatures have not been investigated to any great extent. For sufficiently 
large erosive components, cracking and spalling of these coatings can occur. 
It is necessary to determine the magnitudes of such erosive components for 
specific coatings, and to describe the damage characteristics. 
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Measurement of coating adhesion 
David Rickerby 

12.1 INTRODUCTION 

The ability to change the surface characteristics of a component independent 
of the bulk material properties by use of surface coatings has opened up 
many new and diverse applications in a number of technology areas [1]. 
There are many definitions of what is meant by surface engineering, perhaps 
the most appropriate is - the application and design of surface treated material 
systems to achieve a cost-effective performance enhancement of which neither 
is capable on its own. In most applications the minimum criterion for 
acceptable performance is that the adhesion of the coating to the substrate 
should be sufficient so that the coating remains in place for the lifetime of 
the component in its operating environment. In such developments there is 
a requirement to measure the level of adhesion between substrate and coating 
in order to guarantee that only coatings 'fit for purpose' are released for 
evaluation. In many instances the slow take-up of surface coating technology 
can be traced, in part, to a lack of end-user confidence in the quality of 
supplied coatings and thus it is essential that a simple and reliable adhesion 
test is available, which should ideally be of relevance to the intended application. 

The main theme of this chapter is coating adhesion, a property which is 
central to the functionality of the coating-substrate system. However, the 
nature of the interfacial region is linked to the choice of surfacing technology, 
so this chapter begins by briefly reviewing surfacing techniques and the failure 

Metallurgical and Ceramic Protective Coatings. Edited by Kurt H. Stern. 
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modes for thin films. It concludes by highlighting the future needs for adhesion 
test methods. 

12.2 SURFACE ENGINEERING 

The range of surfacing treatments available to modify the properties of a 
component can perhaps be best illustrated by making reference to the 
aerospace industry. Such was the pace of engine development in the 1960s 
and 1970s, driven by the commercial pressure to improve reliability and 
reduce the cost of ownership, that rapid progress was made in both the 
development and application of surface treatment techniques. 

Figure 12.1 is a half-sectional view of a modern turbofan engine which 
serves to illustrate the extensive range of surfacing treatments and coating 
technologies specified; the number of surface treated components has 
increased from around 25% to cover 50% in the last 30 years. The surfacing 
technologies are categorized against the main reason for usage in Table 12.1, 
and it is immediately apparent that some (paint, electroplating, thermal 
spraying) are very versatile, whereas others have a more specific but often 

Case hardening Nitride & carburise Nitride & carburise Nitride & carburise 
L-..-...J 

Surface finish Peen Vibro-polish Vibro-polish Vibro-polish 

Paints DFLs, phenolic, epoxy, polyurethanes, sermetal, PL 199, PL 101 

Electro· 
chemical 

Anodise (+ paint) Tribomet 

Silver 

Flame sprayed 
abradable seals 

AI/Si polyester, AI/Si/C: Ni/Cr bentonite 

Flame sprayed D gun WC/Co 
severe wear plasma Cu Ni In 

Plasma WC/Co: Cr C/NiCr and 
cobalt base alloys 

Silver Chromium 

AI/Si/C 

D Gun CrC/NiCr and plasma sprayed, 
TIG and LASER Co base allays 

Figure 12.1 Half-sectional view of a large turbofan engine showing the wide range of 
surface treatment and coating technologies currently used in the aero-engine industry. 
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Interfacial zone Coating technology 

Coating Paints 
Monolayer on 

monolayer 
;;"';';';';';'}';";' Electrochemical 

Pseudodiffusion Substrate Physical vapor 
deposition 

'i';';';';';;' 
Chemical bond ';';';';';';';';'; Chemical vapor 

formation "';';';';';";i deposition 

I nterlayer( s) 
:~:~:~: ~ n~:~:~:::~: ~: ~:~:~::::::: ::::::::: n' Case hardening 

';'i' 
";'i;;' ';;;;i';';';';) Thermal spraying 

Rough interface 
'<C Pretreatment for 

Mechanical keying other surfacing 
methods 

Figure 12.2 Types of interfacial region formed between coating and substrate. 

unique role to play (case hardening, PVD). Regardless of the treatment, an 
interface is formed between the coating and underlying substrate, and its 
nature depends to a great extent on the deposition technology employed; in 
many instances it is tailored to give the correct blend of material properties 
in this critical region (Fig. 12.2). One key property which will now be discussed 
further is the required level of coating to substrate adhesion. Details of the 
various surfacing techniques illustrated in Figure 12.1 can be obtained by 
reference to previous chapters and to a number of specialized texts [1-4]. 

12.3 THE REQUIREMENTS OF AN IDEAL ADHESION TEST 

Before describing the range of adhesion tests that exist to determine practical 
adhesion, it is worth considering the fundamental property of adhesion and 
how experimentally measured quantities differ from the basic adhesion 
defined by the American Society for Testing and Materials (D907-70) as 'the 
state in which two surfaces are held together by interfacial forces which may 
consist of valence or interlocking forces or both.' The nature of these bonding 
forces may be van der Waals, electrostatic and/or chemical; they are effective 
across the coating-substrate interface. The approximate ranges of binding 
energies for each of these types of interaction are illustrated in Fig. 12.3 [5]. 
An important distinction is made between basic adhesion (BA), the maximum 
possible attainable value and experimental or practical adhesion (EA), which 
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Covalent 
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111I lilk1 \ Iii Ifill III I 1111 III Iii I II~ II Ionic 

Metallic 

1- Hydrogen bonding 

11~111!1.1.lllnll~lllllilm van der Waals 

0.01 0.1 1 10 100 

Energy per bond (eV) 

Figure 12.3 Typical bond strengths for a range of potential interfacial binding forces. 

may be referred to as the bond or adhesion strength [6]. The relationship 
between EA and BA is given by [7] 

EA = f(BA, other factors) (12.1 ) 

such that EA « BA due to the influence of other factors on the test, and 
these include internal stresses in the coating and the technique used for 
measuring the bond strength. Pulker et al. [8] further define the relationship 
between experimentally measured adhesion and basic adhesion as 

EA = BA - IS ± MSM (12.2) 

where IS is the internal stress factor and MSM is the method-specific error 
in measurement. From equation 12.2 it can be readily deduced that the true 
value of basic adhesion cannot usually be determined because the size of the 
measurement error inherent in the adhesion measurement technique can 
seldom be estimated. 

The measurement of experimental adhesion can be achieved in two ways: 
(a) by defining the force of adhesion as the maximum force per unit area 
exerted when two materials are separated, and (b) by defining the work of 
adhesion as the work done in separating or detaching two materials from 
one another. If film A is detached from substrate B, and provided that the 
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interface remains abrupt (sharp), then the energetic criterion for the system 
to remain adhered will be given by 

(12.3) 

where WAH is the reversible work of adhesion, Y A and YH are the specific 
surface free energies of components A and B, and YAH is the interfacial specific 
free energy. In practice it is never possible to determine the true work of 
adhesion because some plasticity will occur during the coating removal 
process and an extra term Yp should be added to equation 12.3 to account 
for this behaviour. As in the case of the fracture of bulk materials, Yp will 
usually dominate over the surface energy terms. The total force of adhesion 
F AH can be related to the work of adhesion WAH by 

(12.4) 

This relationship relies on assumptions being made about the changes in 
force with distance of separation x, where the distance x is generally of atomic 
dimensions [6]. The use of equation 12.4 to determine the work of adhesion 
relies on a very simple planar model of the coating-substrate interface. This 
is never found in real systems, as illustrated previously in Fig. 12.2, in which 
interfacial reactions, surface roughness and bonding layers all playa part in 
defining coating-substrate adhesion. If the break occurs at the interface 
between A and B then it is termed adhesive failure; if it occurs either within 
A or B then it is referred to as cohesive failure. Depending on the 
ductile-brittle properties of the coating-substrate system, a number of 
possible failure modes can occur in any adhesion test, and though the failure 
may start at the interface, it can propagate into the substrate (Fig. 12.4). 
Alternatively, through-thickness cracking can lead to failure at the 
coating-substrate interface. For this reason it is important to characterize 
the failure modes associated with any adhesion test; these are summarized 
in Tables 12.2 and 12.3 for both tensile and compressive failures. 

Ideally, the adhesion test should be nondestructive and easily adaptable 
to routine testing of geometrically complex shapes in which the degree of 
bonding may vary from point to point. Interpretation of the test should be 
relatively simple, and the method should be amenable to automation and 
standardization. The ideal adhesion test should also be reproducible, quantitative 
and directly related to coating reliability in specific applications. There are 
currently no tests for the measurement of practical adhesion which fulfill 
these requirements and all of the commonly used tests are destructive in 
nature. Indeed it is difficult to see how a nondestructive test can be developed, 
given the level of theoretical understanding which exists, and therefore it is 
necessary to make the best use of the available tests. 
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Tensile stress cracking 

Tensile stress cracking and 
failure of the substrate 

Tensile stress cracking 
and delamination 

Compressive stress cracking 
leading to delamination 

Figure 12.4 Schematic diagram of the surface cracking which can lead to coating 
detachment under compressive or tensile stresses. 

Table 12.2 Tensile failure modes for thin films 

Interface 
Film Substrate bonding Decohesion mechanism(s) 

Brittle Ductile 
Good Film cracking - no decohesion 
Poor Film cracking - interface decohesion 

Ductile Brittle 
Good Edge decohesion in substrate 
Poor Edge decohesion at interface 

Ductile Ductile 
Good Film-substrate splitting - substrate decohesion 
Poor Edge decohesion at interface 

Brittle Brittle Poor 
Edge decohesion at interface 
Film cracking - interface decohesion 
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Interface 
Film Substrate bonding Decohesion mechanism(s) 

Brittle Ductile 
Good Buckle propagation in film 
Poor Buckle propagation at interface 

Ductile/brittle Brittle Good Substrate splitting 
Poor Buckle propagation at interface 

Ductile Ductile 
Good No decohesion 
Poor Buckle propagation at interface 

12.4 METHODS OF ADHESION EV ALUA nON 

Adhesion test methods fall broadly into three categories: nucleation methods, 
mechanical methods and miscellaneous methods [7]. Table 12.4 shows some 
of the methods developed to measure the adhesion of thin films that have 
appeared in the literature. At the atomic level the nucleation methods probe 
adhesion via the breaking of individual coating-substrate atomic bonds, 
generating lamellar defects. The macroscopic experimental adhesion is simply 
a summation of the individual atomic forces which it should, in principle, 
be possible to relate to the adsorption energy of single adatoms on the 
atomically clean substrate. Although the nucleation methods are conceptually 
very simple, they are based on the measurement of (i) nucleation rate, (ii) 
island density, (iii) critical condensation and (iv) residence time of the 
depositing atoms comprising the film. Such measurements need access to an 

Table 12.4 Methods that can be used to determine coating-substrate properties 

Qualitative 

Mechanical methods 
Scotch tape test [9] 
Abrasion test [10] 
Bend and scratch test [11] 

Nonmechanical methods 
X-ray diffraction [4] 

Quantitative 

Direct pull-off test [12-15] 
Laser spallation test [18-20] 
Indentation test [21-24] 
Ultracentrifuge test [7] 
Scratch test [25-43] 
Bend test [44-46] 
Linear elastic fracture mechanics [47 - 50] 

Thermal method [16] 
Nucleation test [9] 
Capacity test [7, 17] 
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electron microscope and consequently such methods are not applicable to 
test the adhesion of coatings on practical surfaces. 

In addition to some of the miscellaneous methods, the mechanical methods 
are of more practical interest. In the mechanical methods adhesion is 
determined by applying a force to the coating-substrate system. The force 
is either directly applied normal or parallel to the coating-substrate interface, 
as in the pull or shearing stress tests respectively, or the force may be 
introduced indirectly by some stimulus, as in the indentation and laser 
spallation tests. These methods of adhesion evaluation are now considered 
in more detail. 

12.4.1 Pull-off methods 

Several techniques are based on forming a bond with the coating and applying 
a force normal to the coating-substrate interface in order to determine a 
value for practical adhesion. Perhaps the most widely used test for adhesion 
assessment is the tape test where a pressure-sensitive tape is applied to the 
coating surface and thereafter pulled off to determine the coating detachment. 
The test is essentially a qualitative success or failure method and can only 
be applied to rather weakly adhering coatings, the upper limit being about 
20 MN/m2 [9]. For engineering coatings the direct pull-off method is 
employed (Fig. 12.5), although this suffers from the following deficiencies: (a) 
simple tensile tests frequently involve a complex mixture of tensile and shear 
forces, making interpretation difficult, (b) alignment must be perfect to ensure 
uniform loading across the interface, (c) such tests are limited by the strengths 
of available adhesives and the maximum adhesion that can be measured 
must be less than the strength of the bonding material itself, which is usually 
an epoxy (between 6.5 and 90 MN/m2), (d) it is possible that the adhesive or 
solvent penetrates the coating, affecting the coating-substrate interface. 
Despite the above difficulties, Jankowski [15] has presented results offracture 
modeling in the test, and theoretical results are in excellent agreement with 
the experimental values of bond fracture stress for coatings of PVD titanium 
onto a beryllium substrate. 

Another form of the pull-off method is the tangential shear or lap shear 
technique in which the load for detachment is applied parallel to the 
coating-substrate interface and the measured shear stress is the tangential 
force per unit area required to break the bond between the film and substrate. 
The advantages that the lap shear test has over the tensile test [51] are (i) 
it avoids severe deformation of the substrate; (ii) the film is gripped over a 
relatively large area and thus the stress is less concentrated; (iii) it approximates 
to a nominally pure shear measurement. As a variant on the above tests, 
Argawal and Raj [52] proposed a method of measuring the shear strength 
of metal-ceramic interfaces by depositing a ceramic coating on a ductile 
substrate and pulling the sample in tension. During the test, cracking occurs 
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Figure 12.5 Schematic diagram of the direct pull-off test. 

perpendicular to the loading direction, with the maximum crack density 
being dependent on the interfacial shear strength r according to 

r = nta/rx (12.5) 

where t is the crack thickness, rx the maximum spacing between cracks and 
a the tensile strength of the coating (Fig. 12.6). The work of Agrawal and 
Raj [52], performed with 60 nm films of silica bonded to pure copper 
substrates, showed that the ultimate shear strength of the interface to lie in 
the range 0.56-1.67 GPa. For thick glass ceramic films bonded to metal 
substrates, Ashcroft and Derby [53] have shown that crack spacing is 
proportional to coating thickness as predicted by equation 12.5; these 
preliminary findings indicate that this particular method for assessment of 
interfacial properties warrants further experimental work. 

12.4.2 Ultracentrifugal and ultrasonic methods 

The direct pull-off method suffers from the need to attach to the 
coating-substrate system a device which will allow transmission of forces 
either parallel or normal to the interface from which a measurement of 
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Figure 12.6 Schematic diagram of the tensile test method for measuring coating 
adhesion, After Agrawal and Raj [52]. 

practical adhesion can be gained. In the ultracentrifugal [54,55] and 
ultrasonic methods [56] the adhesion of thin films can be assessed by 
subjecting the coating to acceleration or deceleration forces without using 
adhesives. In the ultracentrifugal method the specimen in the form of a rotor 
is levitated magnetically and rotated in vacuum at extremely high speeds to 
provide the centrifugal force. The instant of coating detachment can be 
detected by a pickup coil and the forces on the film can be calculated from 
a knowledge of the thickness and density of the coating, the radius of the 
rotor and the critical value of rotor speed [9]. Although data have been 
published for a number of coating-substrate systems, no systematic work 
has been carried out on the variation of adhesion with substrate for a single 
coating combination, and the method itself is not applicable to the testing 
of engineering components. 
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As an alternative to determining the adhesive strength of the interfacial region 
formed in ceramic-metal joints, a number of tests based on fracture mechanics 
have been developed. These provide data such as fracture energy, which is 
closely interrelated with the bond or adhesive strength of the interfacial region 
[57,58]. Of these, bend test methods require a stress concentration at the 
interface to initiate crack growth; this is usually provided by introducing a 
notch at the desired position, the notch length and the radius at the notch 
tip affecting the measured data [44]. As with the pull test, in addition to 
forming a suitable notch exactly at the coating-substrate interface, attachment 
of the test sample is usually by adhesives, which can give rise to practical 
problems in sample preparation and precludes tests on very strongly bonded 
coatings. Because of the scatter in fracture mechanics data, a set of identical 
specimens has to be tested and quantitative data evaluated with the aid of 
Wei bull statistics. Figure 12.7 shows the experimental arrangement used by 
Muller et al. [45] in measuring the interface fracture toughness of physical 
vapor deposited (PVD) titanium nitride coatings ( < 5 flm thick) deposited 
onto a steel substrate using a three-point bending test. As shown by Fig. 
12.7, Muller et al. used two types of notching techniques, mechanical and a 
low adhesion film of copper, which resulted in differing degrees of scatter 
(Weibull modulus) in the fracture toughness measurements. The maximum 
values that could be measured using this method were in the range 
200-250J/m2 (Ke < 8 N/m3/2), representing the limiting strengths of the 
adhesives employed in sample fabrication. The best results were obtained 
with copper films approximately 100 nm thick. 

For thicker coatings (>100flm), Clyne and coworkers [46] used a 
four-point bending test (Fig. 12.8) and made a through-thickness notch to 
the interface using a wire saw. Figure 12.8b shows a schematic of a typical 
load-displacement trace and indicates the events responsible for the shape 
of the plot. The critical energy release rate is calculated by comparing the 
total strain energy beam before and after a propagation event then dividing 
the difference by the area of contact. 

As an alternative to simple bend testing, the critical strain energy release 
rate for ceramic-metal interfaces can be determined from a wide range of 
linear elastic fracture mechanics (LEFM) test specimens (Fig. 12.9); for further 
details see the literature [47-50]. In the case of the double cantilever beam 
(DCB) technique a typical sample arrangement is shown shematically in Fig. 
12.9a. The interfacial critical strain energy release rate Gle is represented by 

(12.6) 

where Pc is the critical load for crack extension, W is the width of the 
specimen, 1 is the crack length measured from the end of the sample and CI 

is the compliance of the test piece at the position of the applied load. In 
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Figure 12.7 (a) Bend test sample used to measure the interfacial fracture energy of 
thin ceramic coatings. Note the use of a low adhesion film as a notch (left) and a cut 
perpendicular to the film as a mechanical notch (right). (b) Weibull diagram for bend 
test samples with a mechanical notch (.) or a copper film notch (e). 
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Figure 12.8 (a) Loading arrangement of the four-point bend test. (b) A schematic 
representation of the load -displacement trace employed in the testing of thick deposits. 

equation 12.6 the precise determination of the crack length is critical but is 
difficult to establish by direct measurement, consequently it is usually 
obtained from a calibration curve of compliance versus crack length for a 
range of known crack lengths. By comparing a number of possible LEFM 
approaches for determining G1c of plasma-sprayed coatings, Guo and Wang 
[49] concluded that the DeB method appeared to offer a number of 
advantages: (i) a single specimen could produce several values of G1c, essential 
for any statistical evaluation of the data; (ii) the data reproducibility is good 
with reduced experimental scatter when compared with SEN (Single Edge 
Notched) and SB (Short Bar) methods; (iii) the method is theoretically more 
robust since the larger calilbration range for C) ensures a smaller relative 
calibration error. 
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Figure 12.9 Examples of linear elastic fracture mechanics (LEFM) test specimens 
used in assessing ceramic-metal interfaces: (a) double cantilever beam (DeB) and (b) 
single edge notched bend (SENB) methods. 

12.4.4 Indentation and shockwave-loading methods 

The indentation adhesion test involves introducing a mechanically stable 
crack into the coating-substrate interface by the use of conventional 
indentation procedures using either Brale or Vickers indenters [21,24]. The 
resistance to propagation of the crack along the interface is then used as a 
measure of adhesion and, by analogy with the fracture of homogeneous brittle 
solids [59,60], this may be characterized by both a fracture resistance 
parameter and a strength parameter. The fracture resistance parameter relates 
uniquely to the bonding across the interface, and is a more fundamental 
measure of adhesion, whereas the strength is determined by the combined 
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influences of the fracture resistance, the strength-controlling defects and 
residual stresses within the coating. The test assumes that the interface within 
the vicinity of the plastic zone created during indentation has a lower 
toughness than either the coating or substrate material, so it will be a site 
of preferential lateral crack formation. If fracture occurs in the coating or 
substrate rather than at the interface, it may be concluded that interface 
toughness is at least as large as that of the weaker component. 

A schematic representation of the indentation test used by Jindal et al. 
[24] is given in Fig. 12.10 and shows the results of a series of indents made 
at different loads. The average change in lateral cracking is monitored as a 
function of load and the interfacial fracture toughness KJj is derived from 
the linear portion of the indentation load versus lateral crack length plot 
according to 

(12.7) 

where, in Fig. 12.10, A is a constant and Ec and Vc are Young's modulus and 
Poisson's ratio of the coating, respectively. An advantage of this technique 
is that the indentation adhesion parameters Pc and KJj are relatively 

,... .. _-- a ----I .. .,. 

t 

------ No cracking ---------'--1---------------- Lateral cracking-----------------
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Figure 12.10 Schematic representation of the indentation adhesion test. 
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Figure 12.11 Indentation load versus lateral crack diameterfor multilayer TiC-A1203 
coated samples with thin discontinuous '1-phase (.) and thick continuous '1-phase (0). 

insensitive to the substrate hardness, which is a problem with the scratch 
adhesion test (discussed later in the chapter). To further illustrate the 
differences between these two test methods, Fig. 12.11 shows indentation test 
results for carbide inserts CVD-coated with TiC-Alz0 3 layers differentiated 
in terms of the '1-phase occurrence at the coating-substrate interface. On 
the basis of the slope of the load/lateral crack diameter function, the coatings 
deposited onto a continuous layer of the brittle '1-phase have poorer adhesion 
(toughness) compared with similar coatings formed with a discontinuous 
'1-phase layer. But in both cases the scratch adhesion test indicated essentially 
identical Lc values for adhesive failure at the coating-substrate interface [24]. 

The approach of Evans and coworkers [21,23] is based on the observation 
that, in the absence of buckling and for planar interfaces, there is no driving 
force for growth of a delamination already in existence at the coating-substrate 
interface; this initial delamination may arise due to interfacial contamination 
or by void formation and coalescence. Consequently, for such interfaces, 
buckling becomes a prerequisite for fracture propagation and eventual 
spalling. The critical stress for buckling of a circular delamination is given by [61] 

(Jc = [KEc/12(1 - v/)](t/af (12.8) 

where t is the coating thickness, a is the delamination radius and K ;;;: 14.7. 
Once buckling occurs, a crack driving force G develops given by [62] 

(12.9) 
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where (1 is the net compressive stress in the coating and K = 0.38. Further 
growth of a delamination occurs if G > Gc' either for the interface or for the 
coating, and the delamination radius for coating spallation as is given by [62] 

as/t = 1.9 (Ec/(1)1/2 

For indentation-induced spalling [21-23] 

(1 = (1R + EcV/2n(1 - vc)ta2 

(12.10) 

(12.11) 

where (1R is the initial residual stress and V is the indentation volume, with 

V= 0.24 (p/H)3 cott/l and a = ).p3/4 (12.12) 

where P is the indentation load, t/I is the indenter half-angle, H is the hardness 
and ). is an experimentally determined coefficient. The critical indentation 
load for spalling Ps is given by 

p~/2 = 3.7t2Ec[).2(1R + 0.24cott/l/2n(1- Vc) tH3/2r 1 (12.13) 

Figure 12.12 shows some results obtained from indentation testing of 
Zr02- Y 203 coatings [23]. The data exhibit the expected trend from equation 
(12.12) in that a ~ p 3 /4 , and fracture toughness Gc along the delamination 
path was found to be approximately 40J/m2, comparable with literature 
values for cubic Zr02. Similar results to those presented in Fig. 12.12 were 
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Figure 12.12 Plot of trend in delamination radius with indentation load for Zr02- Y 203 
coatings. 
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obtained for indentation spalling tests on a series of ZnOjSi samples, and 
excellent agreement was obtained between theoretical values of Ps (equation 
12.13) and experimental measurements, indicating that the methods outlined 
above have some merit when it comes to assessing the adhesion of thin films. 
Recent work by Ashcroft and Derby [53] has confirmed the proportionality 
predicted by equation 12.12 for glass ceramic films bonded to metal substrates 
(Fig. 12.13). However, the values derived from this work for interfacial fracture 
energies, 1.5-2.7 kJjm 2 , are greatly in excess of those obtained from bend 
tests performed on similar samples, 3-5 Jjm 2 . The problem lies in the fact 
that, for other than ceramic-ceramic systems, it is impossible to propagate 
an indentation-induced interfacial crack without deforming the substrate and 
extensively damaging the coating. Until it is possible to accommodate these 
factors into the theoretical models of the indentation method, in the case of 
ceramic-metal systems, the test is only capable of ranking and not quantifying 
interfacial adhesion. 

Alternatively, mechanical stimuli can be introduced into the coating-substrate 
system in order to produce delamination by shockwave-loading methods 
[20,63,64]. These techniques involve the absorption of energy either from 
the impact of erosive particles [64] or from an impinging laser beam [20,63]. 
In the laser method the absorbed energy may induce a stress wave, and the 
acoustic waveform from the rear side of the substrate can be monitored while 
the laser probes the coating surface, as shown in Fig. 12.14. If the incident 
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Figure 12.13 Indentation load against crack radius for a glass ceramic film. 
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Figure 12.14 (a) Schematic diagram of the laser acoustic adhesion test. (b) Transducer 
outputs for plasma-sprayed coatings tested under the laser acoustic adhesion test. 
The main difference between the two curves is the signal propagation time, which is 
shorter when adhesion is good. 

probe is pulsed, it is also possible to image the propagation of thermal wave 
within the coating; this can be used to detect the presence of cracks or 
debonded regions. Laser techniques have the advantage that they stimulate 
the spall problems which occur during thermal cycling and impact damage, 
as well as being relatively nondestructive and applicable to complex components. 

Loh et al. [20] have examined the quasi-heating due to laser impingement 
on a coating system. This has the effect of introducing localized compression 
which, in conjunction with the existing residual stresses, was sufficient to 
cause spallation. By varying the power and duration of the laser pulses, the 
spall resistance of brittle coatings could be effectively measured. 



326 Measurement of coating adhesion 

12.4.5 The scratch adhesion test method 

Of all the tests available for the measurement of coating adhesion, only the 
scratch test has achieved widespread use in assessing the adhesion of hard 
coating-substrate systems [65]. In the scratch test a stylus (usually a Rockwell 
C diamond) is drawn over the sample surface under a stepwise or continuously 
increasing normal force until the coating detaches [25]. In practice the film 
is seldom removed entirely from the channel so it is convenient to define a 
critical load (Le) which is related to coating adhesion; this is usually taken 
as the load at which the coating is removed in a regular way along the whole 
track length [26], but because there is a distribution of flaws at the 
coating-substrate interface, isolated areas of coating removal do occur at 
lower loads, so the critical load transition can be somewhat subjective [39]. 
Coating detachment can be monitored using reflected light or scanning 
electron microscopy, acoustic emission [27] or frictional force measurement 
[28,29]. Acoustic emission and frictional force measurement provide traceable 
signals which can be used to compare results from different samples; this 
may avoid some of the subjectivity of measurements made by eye. The 
sensitivity of the friction measurement procedure is particularly enhanced 
when the scratch test is applied to hard coatings less than 1 Jlm thick. 

The initial analysis of the mechanics of the scratch test by Benjamin and 
Weaver [30] used the theories developed for fully plastic indentation to give 
an expression for the critical shearing force for coating removal in terms of 
the scratch geometry, the substrate properties and the friction force on the stylus. 

F = KAH/(R2 - A2)1/2 (12.14) 

where A = (LJnH)1/2, Le is the critical load, R is the indenter tip radius, F 
is the shear strength of the interface per unit area, A is the radius of the circle 
of contact, H is the indentation hardness of the substrate material and K is 
a constant varying between 0.2 and 1.0 [30,31]. More recent treatments 
consider the case of elastic-plastic indentation [31] and use a Griffith energy 
balance approach to relate the local stress (J responsible for coating 
detachment to the work of adhesion [32-34]: 

W = (J2t/2Ee (12.15) 

where t is the coating thickness and Ee is the Young's modulus of the coating. 
Attempts have been made to calculate (J expressed as a combination of the 
applied stresses due to the indenter and the internal stresses within the 
coating. Laugier's proposed analysis of the applied stresses, based on the 
elastic equations of Hamilton and Goodman [35], is not generally applicable. 
Rickerby and coworkers [36,41] have identified three contributions to the 
stresses for coating detachment (Figure 12.15): 

• an elastic-plastic indentation stress 
• an internal stress 
• a tangential friction stress 
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Figure 12.15 The scratch adhesion test represented as the sum of three contributions: 
an indentation term, an internal stress term and a frictional term. These may be 
represented as three frictional contributions; a ploughing component, an internal 
stress component and an adhesive component. 

This more recent analysis leads to an equation relating critical load for 
coating detachment to the work of adhesion, which may be expressed as 

(12.16) 

where de is the width of the scratch track at the critical load, E is Young's 
modulus of the coating and t its thickness. The model of Bull and coworkers 
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allows the work of adhesion to be calculated and their results showed that 
crack tip plasticity was important in the fracture process. However, at present, 
these theoretical models are not universally applicable and, given the complex 
stress state which exists under a moving indenter, it is difficult to see how 
the scratch test can ever be more than a qualitative measure of coating adhesion. 

There are a number of extrinsic parameters (i.e. properties of the 
coating-substrate system) that influence the value of the critical load 
determined in the scratch test. For instance, the critical load for coating 
detachment increases with coating thickness or substrate hardness; but the 
critical load generally decreases as the levels of residual stress within the 
coating increase. In addition to the extrinsic parameters that influence the 
test, intrinsic parameters, such as indenter tip radius or the loading system 
of the tester, have an important bearing on the critical load determination. 
The more important of these are listed in Table 12.5 and are discussed in 
detail elsewhere [43]. Commercial scratch testers are basically of two types. 
In the automatic scratch test the normal load is continuously increased along 
the length of the scratch track by a spring-loading mechanism. This test is 
very quick to perform but has the disadvantage that catastrophic failure 
occurs at the first sufficiently large flaw and thus the critical load may be an 
underestimate of the practical adhesion in any application. Also, the critical 
load has been found to be a sensitive function of the machine loading geometry 
so it is quite difficult to make comparisons between laboratories with various 
types of machine [28, 41]. The alternative manual scratch tester uses 
deadweight loading and hence requires the performance of many scratches 
to assess the critical load, a much more time-consuming process. However, 
it has the advantage that the interfacial flaw distribution can also be assessed 

Table 12.5 Factors affecting the critical load for coating detachment in the scratch 
test method 

Intrinsic parameters 

Loading rate [28, 41, 43] 

Scratching speed [28, 41, 43] 

Indenter tip radius [28, 43, 66] 

Indenter wear [43] 

Machine factors 

Extrinsic parameters 

Substrate properties [43, 67] 
Hardness 
Modulus 
Thermal expansion coefficient 

Coating properties [43, 68] 
Hardness 
Modulus 
Stress and interfacial properties 
Thickness 
Friction force and friction coefficient [28, 37,43] 
Surface condition and testing environment 
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by counting the number offailures which occur at each load [39]. The number 
offailures is found to saturate at a certain load using reflected light microscopy 
or acoustic emission, where each failure generates a small burst of acoustic 
emission. Thus a cumulative failure probability P(L) can be defined as 

P(L) = N(L}/Nsat - No (12.17) 

where N(L) is the number of failures at load L, No is the number of failures 
at low loads (usually No = 0) and N sat is the saturation failure number 
(Fig. 12.16). In Fig. 12.16, La is a constant equal to the load at which there 
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Figure 12.16 Weibull statistical analysis ofthe scratch test. Starting from the equation: 

P(L) = 1 - exp[ - (L - Lo}/Lar 

where La = characteristic value of L equivalent to 63.2% failure probability 
Lo = minimum value of L (generally L = 0) 

b = Weibull parameter 
P(L) = cumulative distribution function 

Can rewrite (*) as 

lnln[l _ ~(LJ = bln(L = Lo) - blnLa 

or 

In[ -In(1 - P(L)] = bln(L - Lo) - blnL. 
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is a 63.2% cumulative failure probability (which can be used as a critical 
load criterion related to the flaw distribution) and b is the Wei bull parameter. 
The advantage of this method is that it offers the possibility of providing a 
completely automated way of determining the critical load for coatings which 
provide well-defined pulses of acoustic emission associated with coating 
detachment failure events. The acoustic emission trace at each load can be 
recorded and examined by computer, the number of failures counted and 
stored, and the variation with load determined. From this a value of La can 
be calculated which involves no subjective decisions by the operator and 
hence is a much more reliable adhesion criterion. 

The scratch test has also been used to determine both interfacial and 
cohesive failure strengths for thick films [69-71]. In this case the material 
to be tested is in the form of a polished cross section and scratches are 
performed across the coating by starting from the substrate using 
stepwise-increasing loads (Fig. 12.17). A cone of damage is produced as the 
scratch diamond exits from the face of the coating, the size of which can be 
used to determine the cohesive strength of the coating. Figure 12.18, taken 
from the work of Kingswell and coworkers [71, 72], shows how the test can 
be used to identify subtle differences in cohesive strength, resulting from 
variations in the spraying conditions, as well as the larger changes due to 
oxide entrapment (present in coatings plasma-sprayed under air but not in 
coatings sprayed under vacuum). A crack is also produced at the 

c 
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R 

Figure 12.17 Schematic diagram of the damage produced during a scratch 
adhesion-cohesion test. 
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Figure 12.18 Variation in cone depth with indenter load for scratch tests performed 
on bulk and thermally sprayed tungsten. 

coating-substrate interface once a critical load has been reached; this can 
be used to rank coating-substrate adhesion in these situations. 

12.5 SUMMARY 

Two quantifiable measures of adhesion are important in any application, 
namely adhesive strength (controlled by the interfacial flaw distribution as 
well as by interfacial bonding) and crack driving force (more closely related 
to bonding across the interface). Currently there is no ideal adhesion test, 
and none of the test methods available for the measurement of coating-substrate 
adhesion give a value for the true basic adhesion of the system; all measure 
what is termed practical adhesion. There is a genuine need to develop new 
test methods which are nondestructive in nature. Of the tests available today, 
indentation, bend, laser and scratch adhesion methods offer the best prospects 
of relating practical levels of adhesion to the performance of real engineering 
components. 
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