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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.



Electroplating — an example of a technology 3

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.

14 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.



4 Introduction

There have also been more recent developments. Many of these 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 TAT + 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 100nm were achieved. Subsequently,
spacings of Cu—Ni alloys as small as 0.8 nm were achieved by Yahalom and
Zadok [7]. As poined 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 of the plating parameters and relation of the 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 of the 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 of its
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 sol on 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 of lasers is chemical vapor deposition (LCVD)
in which deposition is achieved by photodissociation 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 MCrAlY
alloys (M = Ni, Co, Ni, Al, 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,
suchas Y,0, or HfO,, which stabilize ZrO, 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 NH,Cl, 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 Sampath 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
C0,, as well as by molten salts (Na,SO,, NaVO,) at high temperatures.
Coatings confer oxidation resistance by forming protective reaction barriers,
such as Al,0,, SiO, and Cr,0,. 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 Density
metal number (°C) (°C) (g/cm3)
Titanium 22 1670 3280 4.51
Vanadium 23 1895 3400 6.1
Chromium 24 1867 2670 7.14
Zirconium 40 1853 4375 6.44
Niobium 41 2468 4700 8.66
Molybdenum 42 2615 4700 9.01
Hafnium 72 2220 5400 13.2 + 0.1
Tantalum 73 2996 5427 16.63
Tungsten 74 3410 5600 19.3

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



10 Electrodeposition of refractory metals

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 ageous 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 electrowinning 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 nonadherent 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 IVA, VA, 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 of the 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
Ni/Ni (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



14 Electrodeposition of refractory metals

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 LiIF-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°C. 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. K, TaF,, as solutes. They are both soluble and reducible. On the
other hand, the oxyanions of these metals exhibit very different behaviors.
Thus the tungstates (WO2 ™) and molybdates (MoOZ ~) are both soluble and
reducible; chromates (CrOJ ™) 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 NH,F
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.

No electrical shorting between electrodes.

4. Insertion of a thermocouple or other temperature-measuring device,
preferably into the melt, with protection from corrosion.

b

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, ie. 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 of this 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 1A, 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.

IVA: 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 IVA, VA 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(IIT), 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 NaCl-K,TiF4 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 of the plating
process in NaCl-KCl in the 600—700 °C range, using Na,TiF¢ and K,TiF
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 K,NaTiF. 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.
NaCl = Na + 3 Cl,

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 Nal-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,-ZrF, 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

Ti(IV) + e = Ti(III)

and Ti(III) + 3e = Ti(0)

Potentials are given versus the reversible Ni/Ni (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, at 420°C [25] gave similar
results. The absence of Ti(I) in this work may be noted. In an extensive
series of studies, a group of French workers [26-29] studied the reduction
of TiCl, in several chloride melts. Since TiCl, 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(IT) and Ti(IT)— Ti(0). 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 TiClé_ is formed. In BaCl,-KCIl-LiCl,
Ti(III) is strongly complexed and the reduction proceeds through a single
step: Ti(III)— Ti(0). 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(II) [30, 31] in LiC1-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 TiCl, or
K,TiClg, and a titanium anode is used which generates Ti(II) 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-KCl eutectic at 450 °C. Potentials were measured for the Ti/Ti(II)
system versus the Pt/Pt(II) 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(III) + Ti = 3Ti(II)

From cyclic voltammetry and chronopotentiometry the reduction of Ti(II)
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 TiCl, in various combinations
of LiCl, NaCl and KClI over a wide temperature range (450—850 °C) and CD
(20-150 mA/cm?). Between 20 and 50 mA/cm? 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 CE.

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(II) seems to be absent, and the
reduction proceeds through the reversible steps [34, 35].

Ti(IV) + e = Ti(III)
Ti(ITT) + 3e = Ti(0)

and the titanium salt K,TiF4 is easily handled, quite soluble and ionic.
Indeed, fairly good titanium coatings of 20—30 pm 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 Ti0, into the melt has been reported [37] to improve
the hardness of titanium by introducing oxygen along the ¢ 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.

and

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

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 LiCl-KCI which indicates Zr(IV) as the only species at 450 °C,
but finds Zr(IT) 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 NaCl at 820 °C, four very closely spaced reductions were found.
The authors attribute these to:

Z1(IV) + 2e = Zr(II)
Zr(II) + 2e = Zr(0)
Zr(IV) + 4e = Z1(0)

and a process involving the complex ion ZrCl2~. In addition, the auto-
oxidation—reduction.

Z1(IV) + Zr = 2Zr(II)

also occurs. In LiCI-KCl at 520 °C the two-step reduction IV—II—0
occurs. In CsCl the reduction steps are similar, but the complex Cs,ZrCl,
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 ZrCl, in LiCl-KCI at 700°C, and no deposit at all was produced in
NaBr-KBr-ZrBr,, 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 NaCl-ZrF, melt, the only reduction is Zr(IV)— Zr(0)
[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-K,ZrF,; 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 LiCl-KCl 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
NaCl-KCl 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. HfFZ ™,
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 LiCl-RbCl-HfCl, and KCI-HfCl, melts at
700-800 °C with 90% CE.

So far the only coherent hafnium plate has been reported for a
FLINAK-HfCIl, 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 LiC1-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 of vanadates (VO3 , VO2 ") 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 LiCl-NaCl-VCl, melt in which
commercially available vanadium carbide served as the starting anode
material. The carbide is initially V,C, but as the electrolysis proceeds it
changes to VC, and finally to carbon. The authors give the electrode reactions as

Anode: VC +2X™ =VX, +C + 2¢
Cathode: VX + 2e =V + 2X~
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where X = Cl or Br. The process is two-step because vanadium is first
produced in the above process then electrorefined in a KCI-LiCl-V1, 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 N and O, 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 K;VF, or VF; 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(0), 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) = SNb(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 NbNi, 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 Nb, O, 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 °C. 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 Nb,Clg, ie. 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) + ¢ = Nb(III)

Reduction of Nb(III) led to the formation of metallic niobium, but only at
the higher temperature end of the range. At lower temperatures, insoluble
nonstoichiometric 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)/Nb(IV) couple shifts close to the oxidation potential
of Cl 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(IT)— Nb(0)

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-KClI to NaCl-KCl appears to permit work at higher
temperatures without melt decomposition. The reduction of K,NbF 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 NbF2~ 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 of K,TaF, in 1:1 NaCI-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 Cl, 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 of Ta,O 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,
which forms on the cathode surface and is subsequently irreversibly reduced
to the metal:

TaF,(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% K,TaF, and 0.19 chromium
(as K4CrF¢). 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] f-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 K,TaF,-FLINAK melt by
chronopotentiometry [74] has essentially confirmed the mechanism proposed
by Senderoff, Mellors and Reinhart [71] except that a chemical dissociation step

TaF2~ = Ta(V) + 7F~

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

There has been very little work done in pure chloride melts. Suzuki [75]
has reported the reduction of TaCl, in LiCl-KCl 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 of Ta(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 Ta,O, 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 K, TaFy is formed
in a K,TaF,-KF-KCI melt and that this reacts with Ta,O:

3K,TaF, + Ta,0; + 6KF = 5K,TaOF,

Deposits of metallic tantalum were obtained by the reduction of these melts.

Baimakov et al. [77] tried specifically to determine both the effect of
temperature on the reaction in a pure chloride melt, LiCl-KCI-TaCl,, and
the effect of added fluoride. In the chloride melt below 550 °C Ta(V) was first
reduced to Ta(IIl), 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, TaF2~ is increasingly formed because fluoride
complexes are stronger than chloride complexes. The equivalence point of
the reaction is found by titration:

TaCl" > 4+ nF~ = TaF" ™ ® 4 nCl-

was found at n = 6.6—6.8. The process is similar for TaCl i.e. TaCl,, 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 KCl-NaCl-K,TaF, 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
electrorefining and electroplating justify their higher costs for more demanding
applications and for high purity.

In principle, potential precursor species are the oxyanion CrOZ” or an
oxidized form of chromium, such as Cr(II) or Cr(III). However, although
CrOi‘ 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
LiCl-KCl at 450°C, CrO2 ™ is reduced to CrO} ~, which decomposes to yield
CrOg_ and O?~ [80]. At higher CD, LisCrO, 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(III)
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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 CrCl, 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 LiCl-KCl at
500 °C by voltammetry. The first step is the reduction to Cr(II). This species
may react in two ways:

Cr(IT) + 2Cl1 = CrCl,(s)
Cr(Il) + 2e = Cr(0)

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 CrCl, 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 CH, [86].

The electrodeposition of chromium from molten fluorides has also been
investigated. Yoko and Bailey [87] studied the reduction of Cr(IIl) 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 electroactive, product below 893 °C; (b) a slow, quasi-
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reversible reduction of Cr(II) to Cr(0). There is some indication that the
dendrite formation observed at lower temperatures changes to smoother
plates at higher temperatures. Since CrF, is readily available, it seems
unnecessary to begin with a fluoride of Cr(III), such as CrF; and K,CrF4,
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 LiCl-KCl 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 IVA and VA 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 IVA and VA metals, the metal-containing species in the case of molybdenum
and tungsten can be a molybdate (MO? ™) or tungstate (WO2 ™). Chromates
are probably not reducible in either chlorides or fluorides.

The first reported electroplating of molybdenum was reported by Senderoff
and Brenner [88]. Using K;MoCly as the solute, poor quality coatings —
powders or dendrites — were obtained in NaCl-KCl at 900 °C, and much
more coherent deposits in LiC1-KClI at 600-900 °C. But even in LiCl-KCl
the deposits were brittle. Senderoff and Mellors [89] studied the deposition
mechanism in LiC1-KCl. Their work, based on chronopotentiometry, is an
early indication of the complexities of molybdenum chemistry and
electrochemistry. They noted that melts of K,MoCl, in LiClI-KCl are
unstable on dilution even at 600 °C and postulated the existence of polynuclear
ions such as [Mo,Cly]*~ which can dissociate on dilution to form volatile species:

[Mo,Cl,13~ + 3CI~ = 2[MoCl]*~
= $MoCl4(g) + Mo (s) + 6C1-

The electrochemical results are interpreted in terms of a single, irreversible
three-electron reduction at 600°C, 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 MoO,Cl, 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
CsCl 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 LiCl-KCl and LiCl-CsCl,
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 KCl-K,MoClg 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 K;MoF,, and
gaseous MoF ¢ + 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.
K,Mo00, served as the source of molybdenum and the following solvents
were used: KF-B,0,, KF-Na,B,0, and KF-Li,B,0,. 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
Na,WO,-K,WO,-WO;-MoO, 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 of the 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 hydrocarboxylic acids containing
chlorides or sulfates of the ferrous metals and Na, WO,. 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 Na,WO,
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-KCl1

(2) ZnBr,-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) tungstates
() WO,

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 WO,. 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)WO, in the 700-1000 °C range with 60-809, CE.
He proposed that Na is formed by electrolysis and subsequently reduces
WO? ", resulting in the formation of W and a basic tungstate:

6Na + SNa,WO, = W + 4(Na,0-WO,)

In ‘acid’ melts, i.e. Na,O-nWO,, with n > 1, tungsten bronzes, Na,WO,,
are formed, e.g.

Na + W,0%” = WO2~ + NaWO,

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-WO, melts has been
pursued by several research groups. Baraboshkin and coworkers [103, 104]
have plated tungsten from an 80-20 mol%, Na,WO,~WO; 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 (Na, WO,) [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 WO?. 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 769 —
from a melt of composition

moles
NaLiB,0O, 6
NaLiWO, 2
WO, 1

The best temperature range was 850-900 °C, and the best CD 10-100 mA /cm?,
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, NaBO, and LiBO,, carefully dehydrated, vacuum dried and
fused at 900°C. Na,WO,, Li,WO, and WO, were similarly treated. The
electrolyte had the following composition:

wY% moles
NaBO, 26.7 6
LiBO, 20.2 6
Na,WO, 19.8 1
Li,WO, 17.7 1
WO, 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/cm? 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 WF®
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, + 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.
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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
of the deposit. For example, in ZnBr,~NaBr melts [ 112] the acidity is changed
by changing the ratio of these two components, and different deposit
morphologies are observed when WOS® 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-KCl and LiF-KF eutectics
at 700°C [113, 114]. Using O-specific ion electrodes they determined the
equilibrium constant for the reaction

WOJ2™ = W(VI) + 40?%~

where W(VI) stands for a fluoride complex. The equilibrium constant is
~5%x10712 je. WOZ’ 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 of WO, in KCI-NaCl at 700°
[116] had also found that the addition of O~ to such a melt also resulted
in the formation of W,02~ and WO;-20?", 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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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 SiF, 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
A 24-29 41-47 73-79
Sc 25-29 43-47 75-79
Co, Nj, 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)!/? 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—Al alloys with distinct boundaries between them. Micro-
photographs of borided steel [1] show “fingers’ of borides 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, ie. 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
AICl,;. 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 SiF,, which is bubbled
through the melt. An alternative is K ,SiF, 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 A/dm? (1-10 mA/cm?). 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 CeAl,—CeAl;, and
an inner layer which is separated from the outer layer by a gap containing
Cl, in addition to Ce and Al. 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:

15¢ + 4CeAlClg (melt) = CeAl, + 24Cl + 3Ce**

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
amicrophotograph of borided 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,SO,, HNO, and H;PO,,
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 ,. Temperatures
were in the 600—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 A/dm? range. In several
cases the metallided layers contained intermetallic compounds of definite
composition, e.g. NiBe,,, YBe, ;. When the melt was clean, current efficiencies
close to 1009 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; (g) as solute. In each case, the
temperature should not exceed 800°C because BF; becomes increasingly
volatile above this temperature:

BF; (sol) = BF, + 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 may or 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 BCl,;. 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 Fe,B 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 Fe,B is formed first, and
there is at least one report [9] that Fe,B is formed before FeB, and that
growth is controlled by the diffusion of boron into Fe,B.

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.

343 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
SiO,, 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, MoSi,, 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 CrF, in FLINAK or NaF-CaF, at temperatures of
900-1100°C. 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 °C. Alternatively, a
paste of chrome ore in aqueous NH,F was used. Chromium diffuses into
steel with very little formation of intermetallic compounds. Multiple metalliding
results in increased corrosion resistance. Vacuum annealing in hydrogen
removes residual stress and improves the mechanical properties.

3.45 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, 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 °C.

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, as solute.

3.4.6 Titaniding

Cook patent 3,479,159 reported the titaniding of several metals from a molten
LiF-TiF, bath at 1100°C. 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 of the 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; 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 10001100 °C from an LiF-AIF; 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.

3.49 Yttriding 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°C. 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 S to 95%;,. Results were similar for gadolinium.

The ceriding of aluminum has been studied for both KF-LiF and
KCI-LiCl melts containing Ce(III) [2, 3]. A three-electrode cell was used in
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order to maintain a constant cerium activity at the cathode surface.
Interestingly, the depositions seem to be different in the two melts: Al-Ce
intermetallic compounds form in the fluoride melt, solid solutions in the
chloride melt. The compounds formed were mainly CeAl, and CeAl,.
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:
6Cl + Al = AICI} " (melt) + 3e
(2) formation of a complex in the melt:
AICI}™ + Ce** = CeAlCl (melt)

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

15e(melt) + 4CeAlClg = CeAl, + 24Cl~ + 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, melt over the 1000—1100°C range and at current efficiencies
generally between 50 and 1009;. 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,,
CoF,, FeF,). 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,0,), Co
(Co0), Ni (NiO), Cu (Cu0), 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 [12], 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 lithided 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, lithiding
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,0,, 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; melts at 1000-1100°C. 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



Individual metalliders 51

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.

LiCl-KCl eutectic or pure LiF containing SnF, 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 of tantalliding. 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 K,TaF,-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 of tantalum carbide.

The patent also mentions that niobium, i.e. K,NbF,, can be substituted
for K,TaF, 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 = SNb(IV)

by adding an excess of metallic niobium to K,NbF ..

The alloy layer which forms when anode and cathode are connected has
the composition NbNij,. 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 °C. 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 LiCl1-KCl melt at 560 °C. Potential control, rather than current control,
was used to provide constant activities at the surface. The coating composition
was CeAl,—CeAl,, 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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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 [S] 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.

42 METHODOLOGY

Refractory compounds are plated from molten fluorides in the same
temperature range as the refractory metals, ie. 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 electrosynthesis 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



56 Borides, carbides and silicides

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, and/or B,0O; or alkali
metal borates. In many cases this work has been quite empirical. For example,
the use of both KBF, and B,0, 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
[7], Ellis [9], Miller [10], Murphy et al. [11], Stern and McKenna [12],
Nies [13] and Cooper [14]. All of them used various combinations of alkali
metal chlorides, fluorides, KBF, and B,0,. Of these, the highest purities, in
excess of 90%, were obtained by Cooper [14] from KF-KBF,-B,0,,
KCI-KBF,, and KCI-KBF,-B,0; melts. All of these efforts produced
dendritic, spongy or compacted powder deposits.

In order to improve the process, Kellner [15] 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 B,O;, 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,(g). This gas is very soluble and the electroactive species
is obviously BF,. The temperature was 700 °C. Electrochemical and mass
balance studies were consistent with a three-electron reduction:

BF; + 3¢ =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/cm?, and BF, concentrations
above 20 g/cm?. X-ray diffraction patterns of the boron coating were diffuse,
consistent with ‘amorphous’ boron. The hardness is purity dependent; the
highest hardness, 2055 kg/mm? 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 [16], who
addressed the question of the relation between KBF, and B,0, as precursors
for boron deposition. In LiF-KF at 700 °C, when KBF, 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 B,O, as the
only boron source. The first of them is accounted for by the generation of
electroactive BF; by the chemical reaction

2B,0, + 3LiF + KF = 3LiBO, + KBF,

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

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 Mo,B could be deposited
from a melt containing B,0;, Na, O, NaF,and MoO,, 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
WO,, 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 of KBF, to an LiF-KCI-K,ZrF
melt at 800 °C produced excellent coherent coatings of ZrB,. Similar results
were obtained from FLINAK-K,ZrF ¢ melts, but not from NaF-LiF melts.
Evidently potassium is a necessary melt constituent.

Of all the refractory borides, TiB, has attracted the most attention. This
is due to its great oxidation resistance (slight even at 1000°C), 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; 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

2BF, + 6e = 2B + 8F~

TiF,™ + 3e = Ti + 6F "~
2BF, + TiF;~ + 9¢ = TiB, + 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
[20], who used voltammetric measurements to elucidate the mechanism of
tantalum and boron deposition separately in KClI at 930 °C. The mechanism
for tantalum agrees approximately with that found by Senderoff, Mellors
and Reinhart [21]in FLINAK at 750 °C, except that the first step is attributed to

3Ta’* + 2Ta = 5Ta%*

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

BF; + 3¢ =B + 4F~

The compound TaB is then formed by the direct reaction of the elements.
TaB, 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—-24] and patents, but not in scientific journals. For
TiB, the melt consisted of the following mixture:

wt%,
LiBO, 58.62
NaBO, 39.08
Na,TiO, 0.99
Li,TiO, 0.76
TiO, 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 TiB, anodes, which probably dissolve electrochemically according to

Ti=Ti®* + 3e
TiB, = Ti** + 2B** + 9¢

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

Ti** + 2BO, + 9e = TiB, + 40%~

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 Al,0 and with steel indicates that the best application
of TiB, 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 TiB, 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,) is reduced to the element in a single step. TiB, 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(0). The reduction of BF, proceeds to the element, similar to
the process in a fluoride melt. Synthesis of TiB, 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
electrowinning, particularly of liquid silicon. And often the silicon was impure.
An extensive description of this work was given by Elwell and Feigelson [29].
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In an extensive series of studies Rao, Elwell and Feigelson investigated
silicon plating from K,SiF¢ dissolved in KF-LiF and FLINAK at 750°C
[30], and from SiO,-BaO-BaF, 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 K,SiF¢
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 of the deposited silicon. Using a K ,SiF —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 WSi, and NbSi, 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 K,SiF¢ 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) + 2¢ = Si

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

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

Si(IT) + 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 K,SiF 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 pm 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. WSi, 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 TiO,—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 K,SiF¢ eutectic containing TiO, at 725°C. TiSi, was formed as
crystals with a current efficiency of 22%;.

The problem of TiSi, deposition was examined in much greater detail by
Delimarskii and coworkers [40]. They pointed out that the addition of TiO,
to a melt containing SiF2~ produced M, TiF through the equilibrium

M,SiF, + TiO, = M, TiF, + SiO,

Using voltammetry in an equimolar KC1-NaCl melt containing K ,SiF ¢ and
Na,TiF¢ 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 TiSi,. 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
K,TaF, and K,SiF,. 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/mm?, in general agreement with that reported for
Ta,Si; [42], 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, MoSi, has been found to be highly
resistant to oxidation up to 1000 °C [44] 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
cabonate ion and carbon dioxide. They are connected by the equilibrium

CO3™ =CO0, + 0%~

and detailed mechanistic studies are required to ascertain which species is
actually reduced. Since the relative concentrations of CO;~ and CO,
obviously depend on the O%~ concentration, the basicity of the melt probably
affects some aspect of carbon deposition.

Since the reduction and oxidation of CO2~ 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 [45] — and experimentally [46]. There are potentially
four possible reduction processes:
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(a) the formation of carbon and oxide
CO}™ +4e=C+30°"
(b) the deposition of the alkali metal
M* +e = M(0)
(c) the formation of carbon monoxide and oxide
CO3™ +2e=CO +20?%"
(d) the formation of carbide and oxide
2CO3™ 4 10e = C2™ + 602"

Which of these processes actually occurs depends on both the alkali metal
cation and the temperature. However, the reduction of CO, is always favored,;
if it does not occur, this is due to the low activity of CO, 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 [47] showed that
carbon was not liberated by the electrolysis of a 1:1 solution of K,CO, and
Na,CO; in KClI, but was produced when a sufficiently high CO, pressure
was introduced above the halide melt. These results were confirmed in a
more detailed study [48] of CO, electrolysis in a 1:1 KCl-NaCl melt in the
700-800 °C range. It should be noted, however, that one of the reduction
products is 027, i.e.

CO, + 4e = C + 20%"
and that this may form CO} " near the electrode
0?*” + CO, = CO3;~

The authors could not observe the effect of this reaction on the reduction
of CO, 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. [49] could not observe a reduction peak for this ion before
the cathodic reduction of the solvent cation and concluded that CO3™ is
reduced by the alkali metal produced at the cathode:

4Me + Me,CO,; = C + 3Me,O

However, Selman and Topor did observe such a reduction peak close to the
cathodic limit of the melt [5S0]. 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 [49], it was found
that the melt slowly lost carbonate, both by thermal decomposition, i..
CO3™ =CO, + 0?7, and by vaporization of an alkali metal carbonate
molecule, i.e. M,CO5(sol) = M,CO,(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 [8] was probably the first to deposit refractory carbides
(tungsten and molybdenum), from a B,0,-LiF-Na,O solvent containing
Na,CO, as a carbon source and WO, or MoOj 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 [52] obtained powdered WC from
a melt containing NaCl, Na,WO,, Na,B,0, 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. [53], who studied
the decomposition potentials of tungstates, titanates, carbonates and borates
of alkali and alkaline earth metals. They found that the potentials of WO}~
and MoO}~ were close to that of CO3~ 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

WO4_ = WO3 + 02_

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 NaCl-KCl melt containing Na,WO,,
MgCl, serving to adjust the acidity, with CO, 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. K,TaF,, 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 TiO, beginning at 450 °C.

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

K,TiF, + 3K,CO, = K,TiO, + 3CO, + 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 [56] has reported some preliminary studies of combining ZrF,,
a precursor for zirconium plating [57] with K,CO,. For a Zr/C ratio near
1 the solution turns cloudy because an insoluble material is formed, most
likely ZrO,;:

ZrF, + 2K,CO, = ZrO, + 2CO, + 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,C 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,C
reacts slowly with air at ambient temperature, but the monocarbide is
probably stable up to several hundred degrees.

Vanadium carbide has been prepared metallurgically [59], but not
electrochemically. Stern [56] has reported some preliminary studies of
vanadate reductions in FLINAK. The solubilities of both NaVO, and
Na;VO, were high enough to permit reduction studies. The NaVO, 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 Nb,C. The hardness depends on composition, but is probably near
2000 kg/mm?. NbC is quite unreactive, and air corrosion only becomes severe
above 1000°C.
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Hockman and Feigelson [60] synthesized NbC electrolytically from a melt
containing Na,B,O,, NaF and KF as solvent, and Nb,O4 and Na,CO; 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 LiNbO; and K,NbF, 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:

K,NbF, + 3K,CO, = KNbO, + 3CO, + 7KF

However, CO, 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 Ta,C.
The hardness of TaC is in doubt, values between 1500 and 2000 having been
reported. The hardness of Ta,C seems to be near 1000 kg/mm?. 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 K, TaF, and Na,CO; as solutes. The composition
of the coating —Ta, TaC, Ta,C 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/mm?, 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), CO, is evolved from TaFZ ~—COZ ™ melts at temperatures
as low as 500°C. Also in common with other fluorides the reaction

K,TaF, + 3K,CO, = KTaO, + 3CO, + 7KF
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does not go to completion and sufficient reactant concentrations remain in
the melt if the initial Ta/C ratio is carefully chosen. Detailed voltammetric
studies showed that when the C/Ta ratio is 3, the peaks characteristic of
tantalum reduction completely disappear, indicating that the KTaO5 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 Ta,C 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: Cr,;Cg¢, Cr,C; and Cr,C,,.
The hardness is in the 1000-1400 range for Cr,C,. 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: CrO3~
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, CrF, was then chosen as precursor. Addition of carbonate to
this melt leads to the usual CO, evolution reaction

CrF, + K,CO, = CrO + CO, + 2KF

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 Mo,C. 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 [8],
who formed small crystals from a borate—halide melt. Which carbide was
formed depended on both the Mo/C ratio and the electrochemical parameters.
Since then there have been reports of several other studies whose objective
was the electrolytic preparation of Mo,C. Heinen, Barber and Baker reported
[70] obtaining a firmly adherent plate of the dicarbide, consisting of dendritic
crystals, from the electrolysis of a melt consisting of NaF, KF, Na,B,0,,
Na,CO; and molybdenite. Similar results were also reported by Indian
workers [71] 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 [73],
and molybdates offer a more straightforward path to reduction. (For a more
extended discussion of this topic see Chapter 2).

Shapoval et al. [ 53] predicted the feasibility of plating molybdenum carbide
by the simultaneous reduction of MoO2~ and CO, in an NaCl-KCI melt
acidified with Mg(II). Their evidence that the reduction occurs was based on
voltammetry, rather than plating. However, in later work [55] 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 Mo,C have recently been reported by Topor,
Selman and and Aladjov [74, 75]. They used FLINAK as solvent, and K,CO,
and Na,MoO, as solutes at a temperature of 850 °C. Good adhesion resulted
from a nickel-molybdenum interdiffusion layer where nickel was the
substrate. Additions of Na,B,O- 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 W,C.
Early hardness measurements are affected by questions of which carbide was
being measured, but recent results indicate values near 1500 for W,C and
near 2000 for WC; WC is stable in air up to 700 °C.

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,C 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 NaCl containing
various proportions of Na,WO,, Na,B,0,, NaOH and Na,CO;. 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 KCl-NaCl-Na, WO, melt containing Mg(II), under
a pressure of CO,. The gas served both as a source of carbon and an adjuster
of acidity. Dense and adherent coatings of W,C were obtained by Stern and
Deanhardt [78] from a FLINAK melt containing Na,WO, and Na,CO,
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 um 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 K,SiF¢ and Li,CO,.
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, B,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,. 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 [69],
molybdenum [74, 75] 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 [8], molybdenum [8], tantalum [20],
zirconium [18] 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 [41], 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) CO, 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 T, 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.

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

5.1.1 Principles of laser surface alloying (LSA)

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 5.1a 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. 5.1b. 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. 5.1¢). Solidification completes very quickly and forms
asurface alloy of A, B, _, (Fig. 5.1f). 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
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Figure 5.1 Stages of laser surface alloying [1].
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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 of laser 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 Chande and Mazumder [5]. With the help of factorial 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

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.

. Electroplating [5, 8-12]

. Vacuum evaporation [13-18]

. Preplaced powder coating [19-23]

. Thin foil application

. Ion implantation [16, 17]

. Diffusion, e.g. boronizing [24, 25]

. Powder feed [26-29]

. Wire feed [30]

. Reactive gas shroud, e.g. C,H, in Ar or N, [31, 32].
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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 of the 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 10s 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 1-2000um 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 T when P No interaction between
| when S 1 variables

2. Depth of LAZ 1 when P D and S interact
| when S 1 Change in absorption
| when D 1 mechanism

3 N; content of LAZ 1 when D 1 P and D interact
1 when S 1 Related to melt volume
| when P

4. Fluctuation of average 1 when D 1

composition 1 when S 1

* P = power; S = speed; D = beam diameter; 1 = increase; | = decrease.

1cm?/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 play a 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] (10° to 10!! 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 809, 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/mm? up to a depth of 0.02 mm
by using a 1.05 um wavelength laser beam with an energy of 35 J and pulse
duration of 1073 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
a-Fe [35, 36], 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 CO, lasers around 1970. Seaman [41] and Gnanamuthu [23] reported
the effect of temperature on hardness and microstructure of the laser surface
alloyed casing on steel using a 10kW CW CO, laser. Similar work was also
reported by Hella [42]. Moore and Weinman [9] 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 12.5kW laser power and a 1.69 mm/s traverse speed, Seaman
and Gnanamuthu [41] generated an alloy casing 21 mm wide and 1.95 mm
deep with 169, Cr on AISI 1018, which shows a martensitic structure of
Rockwell C hardness 53. An alloy casing of composition 439, Cr and 4.4%,
C on AISI 1018 generated by a 6.4 mm x 19 mm oscillating (690 Hz) beam
with 5.8kW power and 21.17mm/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 um in thickness) on AISI 1018
steel. They used a traverse speed of 10-400cm/s for a laser power range of
2-9kW. The chromium content of the alloy casing was reported to be 11%,
for 7.5kW laser power, 38 cm/s traverse speed and 8 pm chromium coating
thickness; using the same processing parameters but with a 1.4 pm 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 (7.5kW, 50 cm/s).
Moore and Weinman [9] also reported a cooling rate of 10° 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 CO, laser on commercial low carbon
(0.29) 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—Fe,B
films with 30 ps laser pulses from a mode-locked Nd: YAG 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) CO, and transverse excitation atmospheric (TEA) CO, 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 Feg,B,, 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 Al,
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. [53a] and are presented in Table 5.2.

Draper and Ewing [1] 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 [2], Steen [3], Draper [4],
Draper and Ewing [1], Draper [57], Draper [4a], Follstaedt [58], Sood
[59], Draper and Poate [60], Snow, Breinan and Kear [61], 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 acladding 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 3mm can be deposited in one pass;
rapidly solidified microstructure; noncontact method of application; relatively

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

Element C, (at%)® Cp (at%)® Cp/Co Ref.
Cr 04 7.0 (1) 18 55
Cu 2.5 21 (e) 1 56
Mo 0.07 1.5() 20 57
Ni 0.023 04 (e) 17 58
Sb 0.03 09 () 30 59
Sn 0.02 0.7 (e) 35 58

2 Maximum equilibrium solid solubility reported in the literature [54-56].
b Pulsed heating method of ruby laser (1) or electron beam (e).
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smooth surface finish (& 25um 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 10'* K/s have been reported
[71-73]. Laser processing with cooling rates of around 10° 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 10° K/s is only possible for typically eutectic alloys of three or more
elements, often including metalloids. Higher cooling rates (10'° to 10'* 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,0, forms passive layers to inhibit corrosion at temperatures up to
800 °C. Reactive elements such as yttrium and hafnium are known to stabilize
Al, O, at temperatures above 800 °C, 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—Al-Fe—Hf [78], Ni—-Cr—Al-Hf on Inconel
718 [81, 79], Ni,,Al,,Cr,Hf; 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°C [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 5.6 Approximate operating curves suggested: ‘OK’ signifies low dilution, good
aspect ratio and effective fusion bond [66].
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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:

. Control of area and depth heated

. Rapid heating and cooling

. Cleanliness

. Spatial resolution and control of the deposited film

. Limited distortion of the substrate

. The ability to interface directly with laser annealing and diffusion of
semiconductor devices.

AN b W=
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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 of laser 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 1 pm 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), 257nm Photodeposition of Fe, W, Cr
Photochemistry W(CO), [119]
(localized reactions) Cr(CO)¢
Cd(CH,), 257 nm Photodeposition of Cd, Zn, Al
Cd(CH), [120, 121]
Zn(CH,),
Al(CH,)¢ [122]
Cd(CH,), 157 nm Photodeposition of Cd [123]
Ga(CH,), 257 nm Photodeposition of Ga [124]
Mn,(CO),, 337.4-356.4nm Deposition of Mn [125]
Electronics Pb(CH,), 254nm (1A)  Deposition of Pb [126]
Photochemistry
(large-area reactions)  SiH,/NHj, 193-257nm  Deposition of SiO, SiN
SiH,/N,, [127-129]
Zn(CH,),/NO, 193 nm Deposition of ZnO [129]
Al (CH,), 150nm (1A)  Deposition of Al [130]
Siy, GeH, 193nm, 248nm Deposition of Si, Ge [131]
Ga(CH,), UV lamp Deposition of Ga, In [132]
In(CH,),
W(CO)q 193nm, 248 nm  Deposition of W, Mo, Cr [133]
Mo(CO), 260-270nm Deposition of W, Mo, Cr [133]
Cr(CO),
Zn, Mg atoms 248 nm, 308 nm Deposition of Zn, Mg [134]
Vibrational SiH, 9-11pum Deposition of Si [135, 136]
Photochemistry
(large-area reactions)  SiH,/NH, 9-11 pum Deposition of Si;N,, SiC
SiH,/C,H, powders [135-137]
Photochemical deposition
Electronics Cd(CH,;),, 257 nm Prenucleation
Zn(CH,),
Photochemistry Al (CH,)¢ 193 nm Photodeposition [89, 90, 119,
(localized reactions) 122, 138]
TiCl, 257 nm Catalyzed photodeposition
[139]
Methyl 257 nm Polymerization
methacrylate
Cd(CH,) 337-676 nm Photodeposition [140]
Electronics Fe(COy) 253.7nm (1A) Photodeposition [141]
Photochemistry
(large-area reactions)
Zn(CH,),, 193 nm Deposition [142]
Cd(CH),
Hg(CH,), 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

Laser
External medium wavelength Process

Thermal reactions SiH, Visible Deposition of Si [119, 146]
(UV/visible laser Metal salt Visible Etching and plating [147, 150]
initiated, localized) Electrolytes

C,H, 488 nm Deposition of C[151]

Al(CH,)¢ 520-570nm  Deposition of Al, An, Cd [140,

Zn(CH,), 152-154]

Cd(CH,),

Fe Deposition of W on Si
[155-157]

Ga(CH,) 530 nm GaAs on GaAs [158]

AsH,

Ni(CO), 476—-647 nm Deposition of Ni [154, 159]
Thermal reactions H,0 193 nm Formation of silanols [160]
(UV/visible laser
initiated, large-area)
Thermal reactions WF,, Fe(CO), 9-11 pm Deposition of Fe, W [116, 117,
(IR laser initiated) 156, 157]

Ni(CO), 9-11 pm Deposition of Ni, Ti, TiO,, TiC

TiCl, [96]

TiCl,/CO,

TiCl,/CH,

Cu(HCOO), 1.06 pm Deposition of Cu [161]

Cobalt 9-11 pm Deposition of CoO [98]

acetylacetonate

SiH,/H, 9-11 um Deposition of Si [118]

SiCl,/H, 9-11 pm Deposition of Si [162]

Purge gas inlet
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ZnSe lens
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Figure 5.9 Experimental setup for laser chemical vapor deposition.
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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-SiO,
2. An absorbing film on an absorbing substrate, TiO, and TiC-SiO,
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 SiO,, 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 I,t'/*> where I, is the intensity of the beam
and ¢ 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 W and
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 play a
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 oc It'/?).
Laser beam diameter, D, .. = 0.6 mm [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 TiO, on SiO,, the range of conditions over which
deposition can occur is much lower than for the deposition of Ni on SiO,
because the higher reaction temperature (1200 °C) is close to the TiO, melting
temperature. Film thicknesses of TiO, on SiO, are in general linear functions
of the irradiation time. TiO, has a greater absorptivity than SiO,, 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 pm/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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Figure 5.12 Thickness profiles of LCVD TiO, films using P, = 10W and D, ., = 3.0 mm:
A is for a single irradiation of 0.5s; B is for 10 irradiations of 0.25s 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 (LIF)
spectroscopy and multiwavelength pyrometry to study the kinetics of LCVD
for TiN on Ti-6 Al-4V substrate with a CW CO, laser and a precursor
gas mixture of TiCl,, H, and N, [99-102].

It is found that the film growth rate, Ry, and the rate of Ti concentration
increase, dC/dt, increase linearly with Pr(,,, when P, < 27torr (3.6 kPa).
Further increase in Pr(,, will result in a decrease in Rqy;y and dC/dt. Similar
observations for Rq;y have been reported for conventional CVD of TiN
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[103-107]. The increase of deposition as P, increases is easy to understand,
because TiCl, is the source of Ti. The decrease of deposition at higher Prc,,
is believed to be a result of competitive adsorption between reactant molecules
TiCl,, N, and H,. After the initial growth, further film deposition will be
onto the TiN-covered substrate. You, Nakanishi and Kato [108] showed
that the N, and H, adsorption equilibrium constant is about 10* times
smaller than that of TiCl,. Hence, surface coverages using N, and H, are
much smaller than using TiCl, at similar partial pressures. When Pr,,, is
raised above a certain value, TiCl, takes up so many of the available surface
sites that there may not be enough surface-adsorbed N and H to carry out
the reactions, leading to a decrease in Ry

To study the dependencies of R,y and dC/d¢ on the N, and H, partial
pressures, Py, and Py,, experiments are performed in which Py, (or Py,) is
fixed while changing Py, (or Py,) and adding inert Ar gas to maintain the
total pressure Py, All other parameters are kept constant: the TiCl, partial
pressure Prc,, = 27 torr (3.6 kPa), the total pressure Pr,,,, = 600 torr (80 kPa)
and the CO, 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 10s.
Evidently, the growth rate of LCVD is much greater than the typical rate
of 1nm/s for conventional CVD processes. All films are characterized by
Auger electron spectroscopy (AES) as TiN, (x =0.8 +0.1), with Cl
contamination as low as 0.5 at%, and O and Cl 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
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Figure 5.13 (a) Growth rates based on thickness measurements, and (b) rates of Ti
concentration increase based on LIF measurements for different Py, when Py, is
fixed at 25%, of (Py, + Py, + P,,). Py, is varied as a percentage of (Py, + Py, + P,,)-
P, = 27torr (3.6kPa), Py, = 600torr (80kPa) and laser power = 400 W.
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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 Py, when Py, is
fixed at 259, of (Py, + Py, + Pj,,). Py, is varied as a percentage of (Py, + Py, + P,,).
Prici, = 27torr (3.6 kPa), Py, = 600 torr (80kPa) 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 10'? 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, R,y and dC/dt are found to be proportional to
the square roots of Py, and Py, respectively. The square root dependencies on
Py, and Py, 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 al. [111] are the most suitable in
interpreting our experimental results. Since the surface coverages of N and
H atoms (when dissociatively adsorbed) are proportional to the square roots
of Py, and Py, 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 N, and H, molecules on the substrate surface.

The effect of changing CO, 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: Pp,,, = 27torr (3.6kPa), Py,:Py, = 3:1 and P, = 600torr
(80kPa). 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. Rp;y and dC/dt are plotted with respect to the substrate temperature
in Fig. 5.15. The horizontal axis is chosen to be 1/T,.,,, where T, is the
peak substrate temperature by simultaneous multiwavelength pyrometry for
the different laser powers. Here T,.,, 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

E
Ryin = K1PTicuP1{1/22 1{1/22 exp(— ﬁ) (5.1
and
dC E
a K, Prici PN, P exp(— ﬁ) (52)

where K, and K, 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 kJ/mol
from the film thickness data, and 125.7 kJ/mol from the LIF data, under the
following conditions: Py;¢,, = 27 torr (3.6 kPa), Py,: Py, = 3:1, Py, = 600torr
(80kPa)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 kJ/mol to 308.9 kJ/mol
[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 kJ/mol,
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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. Py,: Py, = 3:1, Py, = 27torr (3.6kPa) and Pr,, = 600 torr (80 kPa).
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which is in good agreement with our value. In another set of experiments,
the partial pressure of TiCl, is kept constant at 27 torr (3.6 kPa). The gas
ratio N,:H, is also kept constant at 3:1. The only parameter that is changed
is the amount of N, and H, mixture, leading to a total chamber pressure of
100, 350 and 600 torr, respectively (13, 47 and 80kPa). CO, laser power is
400 W with a TEM,, beam diameter of 2 mm. The results are plotted in Fig.
5.16. Since the partial pressure of TiCl, 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 multiwavelength 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. TiCl,
pressure = 27 torr (3.6kPa), N,:H, = 3:1, laser power = 400 W and TEM,, beam
diameter = 2mm [102].
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Figure 5.17 Peak temperatures on substrate surfaces measured by multiwavelength
pyrometry for different total pressures. TiCl, pressure = 27 torr (3.6 kPa), N,:H, = 3:1,
laser power = 400 W and TEM,,, 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
of W by H, reduction on WF using a multimode CW laser translated across
an SiO, substrate. Film thickness and resistivity were measured as a function
of the incident energy density. More recently, the LCVD of polycrystalline
Si on SiO, was reported by Christensen and Larkin [118]. Using a CO,
laser tuned to a minimum in the SiH, absorption spectrum corresponding
to 10.33 um, they deposited films up to 5um thick with a full width at half
height (FWHH) of 400 um. Si lines of unknown thickness and approximately
S0um width were ‘drawn’ by translating the substrate during irradiation.
Unlike conventional CVD of Si, where the addition of H, is necessary to
prevent unwanted gas phase precipitation of Si particles, good quality LCVD
films were producd without H,. 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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