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ABSTRACT

The formation of VC, NbC, and Cr-carbide coatings on steels
immersed in molten borax baths containing carbide-forming
constituents has been known for some time. A study was made
of the formation of carbide coating on steel specimens
treated in molten borax cont.ad.nLr.q ferro-vanadium and V20S

as bath additives. The prevalence of oxidizing or reducing
conditions in the bath was found to playa decisive role in
the formation of the VC layer. The influence of treatment
factors such as time, temperature, and bath composition on
the thickness of the coating was investigated. A detailed
investigation into the behaviour of baths containing VZ05

and Al was carried out in this regard. Microstructural
examination of coated specimens was performed using optical
and electron microscopy. ~icrohardness tests, X-ray
diffraction (XRD) and energy dispersive spectroscopy (EDS)
analyses were carried out in order to characterise the
layers produced.

The corrosion behaviour of the vanadf.um carbide coating was
evaluated by accelerated electrochemical means. Samples of
mild steel and EN9(O.5% C) steel were treated for various
lengths of time in order to obtain coatings of various
thicknesses. The corrosion resLst.ance of the carbide
coating was found to be superior to that of the untreated
base alloys.

Five diffet"ent tool steel materials were a.lso treated.
Microscopy examination and hardness testing of the VC

coated tool steels was performed in order to assess the
effects of treatment by this process on the bas~ material.
The austenitizing temperature and the nature of the
carbides in the matrix of the tool steels was found to play
an important role in this respect.
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"We verily sent Our messengers with clear proofs, and

revealed \vith them the Scripture and the Bc::.lancelthat

mankind may observe right measure; and He revealed iron,

wherein is mighty power and (many} Uf'es for mankind,

and that Allah may know him who helpeth Him and His

messengers, though unseen. Lo! Allah is Strong I Almighty. U

''chs Holy Koran
Chapter LVII "Ir.on"
Verse XXV
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1. INTRODUCTION

The performanc~ of machine tools such as dies, punches,
jigs, etc. is essential to the efficiency of mass
production. Cost and product quality are also significantly
influenced ~y the performance of these and other machine
component s, The Lncr-easLnc demands being'made on equipment
performance has placed even more emphasis on the need for
materials which can fulfil the requi2"ements of modern
industry. The development of surface treatment processes
and their applications, over the past few decades, has been
view-:.=das a means of meeting these demands. Post processing
of cheap machined materials by surface coating has proven
to be an effective sUbstitute to expensive tool materials
in terms o~ both quality and cost.

The more conventional coating processes such as plating,
carburising and nitrid.ing have been inadequate in meeting
the increasing demand.s on performance. This stems mainly
from the relatively low wear resistance and seizure
resis'cance of coatings produced by these processes. Even
the more advanced metal spraying technique has been fairly
ineffecti ve in eli.mznatii.nq spalling of coated componerrt s ,
It is essentially fo~ these reasons that the need for more
competent coating processes has increased.

Considerable success in terms of wear resistance, and
seizure and spalling resistance has been achieved with more
recently developed coating techniques. Amongst the most
significant of these techniques, is the CVD (Chemical Vapour
Deposition) process, used mainly for the application of
carbide coatings, ego TiN or TiC(Titanium carbide)
coatings. This process produces coatings with excellent
wear and seizure resistance, as well as reducing component;
failure by spalling.
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Another process, called the TD(Toyota Diffusion) process,
has also generated carbide coatings with wear and seizure
resistance equivalent to that of CVD, at the same time
reducing spalling significantly. However, unlike the CVD
process, the 'rD process is much simpler to per-form. It
simply involves dipping of the material to be treated into
a molten saLt;bath, between 800°C and lOOO°C, under ambient
atmosphere for a period of time. The bath comprises mainly
bora}" and carbide forming compounds. Unlike with other
methods, no protective atmosphere or complicated equipment
for waste treatment is required with the TD process. In
addition the p:r-ocessis applicable to almost any kind of
carbon-containina substrate material, ego steels and
cemented carbides. The most common types of carbide
coatings deposited by this process arc..VC, NbC, and Cr-
carbide.

In this work, molten borax baths containing both ferr.o-
vanadium and V20S as carbide forming additives were studied.
Bath conditions such as temperature; time, and, bath
composition were investigated. Several substrate materials
were treated and the VC coated substrates were
characterised in terms of microstructure, hardness, and,
composition. Corrosion tests were also carried out on VC
coated carbon steel substrates. Finally, problem areas
encountered are also presented and possible solutions to
these problems are proposed. The following section provides
a concise literature review which it is hoped will provide
the reader with an insight into the research carried out
and the results obtained, as well as, the discussion of
these results.
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2. LITERATURE REVIEW

2.1. Wear Mechanisms and Wear of Materials

The quality of metal components is largely influenced by
their surface condition and surface deterioration during
service. Engineering component life is almost aLways
limited by surface deterioration or wear. There are
numerous definitions of wear each based on the same
underlying concept. To quote a few, wear may be regarded as

"The unintentional deterioration of material resulting from
use or environment

or,

"The progressive loss of material from the operat ing
surface of a body occurring as a result of relative motion
of the surface with respect to another body" (2) •

Increasing demands on performance ft'ommachine components
and on minimising material losses, downtimes, cost, etc.,
in recent years, has led to a phenomenal expansion in the
field of surface engineering. Reducing wear in components
is of immense significance as the supply of raw materials
is continually diminishing.

Wear involves the displacement and detachment of particles
from a metal surface. This arises essent.Lall.y from two
principal modes of contact, namely adhesive wear or
abrasive wear. Adhesive wear involves contact between two
met.a.ls while abrasive wear involves contact bet.ween a metal
and an abrasi"ve material which may be metallic or non-

3



metallic. An industrial surVEY on wear has shown that the
two modes of wear listed above account resp€';ctively for 50
and 15% of all wear situations making them the predominant
wear processes (3~ •

Wear is often considered to be a surface phenomenon,
however, it is also true that it is a systems phenomenon as
the behavd our of the wearing surface is affected to a
greater or lesser extent by other conditions in a system.
Usually, wear also involves a combination of the adhesive
and abrasive mechanisms (4) • The variety of conditions from
system to system complicate the wear phenomenon even
further. A list of variables which make wear such a complex
process with regard to both system and surface is given
below.

(i) Temperature;
(ii) Environment;

(iii) Type of loading;
(iv) Hardness and surface finish;
(v) Lubricant;

(vi) Composition and compa.tibility of mating parts;
("\rii)Relative speeds of mating parts;

(viii) Presence of foreign particles.

These factors contribute either negatively or positively,
or, transform the wear mode into a special form of the
principal w(;,armodes. E'or example, hardness and strength
decrease with increasing temperature. The likelihood of
plastic deformation incre&ses at higher temperatures
thereby increasing surface dama.ge. Hot hardness is often
zequd red in materials used at elevated temperature and
under wear applications.

In a corrosive environment, there is a tendency for
reaction products to form on one or both surfaces in a wear
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couple. These products arise from surface reactions taking
place due to the environment in which the wear couple is
situated. Oxides mostly form in dry air at elevated
temperatures. In moist air, both oxides and hydroxides are
formed. Sulphates, nitrates and chlorides are co~~on in
industrial at.mospheres . Usually, reaction products have
poor adhesion to the metal surface. Mechanical rubbing
removes layers of reaction product, thereby exposing bare
metal. Thus, wear rate is increased and the corrosive
medium appears more aggressive than it is under static
conditions.

2.1.1. Prevention of Wear

Wear prevention is generally achieved by a variety of
methods, materials, or combinations of both. Selection of
a method or material in this regard is usually preceded by
a thorough analysis of service conditions. Control of
operating parameters, ego loads or sliding speeds, is a
means of reducing wear within a system. The use of
lubricants and coolants also plays an important role.
Davison~) estimated that without the use of lubricating
oil, the number of men required to drag an Egyptian statue
of about 60 tons would be 516, in contrast to the actual
number of men used, ie. 172. Selection of suitable
hardness, toughness, and other material properties can also
help minimise wear. One of the most effective variables for
reducing wear is hardness and this deserves greater
attention.

Hardness is one of the most important properties
determining the wear resistance of a material. By reducing
the possibility of initial surface indentation and
subsequent wear or deformation through high hardness, one
can greatly increase wear r~sistance.
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Wear rate is inversely related to hardness at times.
P:-actical results on abrasive wear however, do not confirm
this proportionality. Pure metals, because of their simple
nucrost.ruct.ure, may display such proportionality. 'rYl-'ical
engineering alloys have much more complex structures and
therefore do not follow this relationship(2). For example,
in steels, hardness and wear resistance are controlled by
C-content and the structural condition of the matrix. Hard
phases such as carbides., borides, nitrides and phosphides
are used successfully in improving abrasion resistance. The
composition, amount and morphology of these phases
generally determine the degree of improvement. The use of
hard carbide in a softer matrix is an effective way of
combatting wear. Saltzman(fi)studied the effect of TiC
particle additions to a Fe-Cr-C matrix on wear resistance
in wet sand abrasion tests and showed that wear decreased
with increasing TiC in the matrix.

Wear of a surface tends to be reduced if the ratio of its
hardness to that of the abrading body increases over ·the
range 0.5 - 1.3 (2). The hardness of a worn surface is a
factor often overlooked when considering hardness in
relation to wear. Hardness of unworn components· serves
merely as a good indicator. Most metallic surfaces work
harden during wear. Thus, the hardness of a worn surface
will be influenced by the structure and composition of the
material. In the case of coated components, the hardness of
both the coating and substrate material playa part.

Generally, coated materials used in wear resistant
applications tend to have improved properties over the
uncoated material. Wear tests done by Venkatesh (7) using TiC
coated we base material, as well as, TiC coated TiC base
material, showed that in both cases wear resistance was
improved over that of the uncoated material. The thickness
of coatings 'has a definite influence on their wear
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resistance. However, it is coating hardness which is the
more influential factor. Habig(S) performed adhesive and
abrasive sliding wear tests on the same steel substrate
coated by five different processes.

(i) Diffusion/Thermochemical;
(ii) CVD(Chemical Vapour Deposition);

(iii) PVD(Physical V~pour Deposition);
(iv) Plasma Bpraying;
(v) Electrodeposition.

Results from these tests showed that the diffusion
coatings, in this case FeN /FeB /Fel!B/Cr7C3 and VC, had
higher wear resistance than the other coatings although,
the thicknesses of these diffusion coati~gs were amongst
the smallest. It therefore appears that the hardness
of surface coatings applied to components is most effective
in reducing wear in these components.
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2.2. OV~rview of SUrfaGe Engineering processes

2.2.1. Diffusion Coatings

Wear resistance, cor.rosion resistance and high temperature
resistance can be imparted to metals by relatively thin
diffusion layers. The thickness of these layers can vary
from a few micrometres to several hundred micrometers. It
should be noted that many of t~ese so called diffusion
"coatings" do not constitute a physically ddst.Lnct,layer
from the substrate, as is the case with sprayed, vapour
deposited or electroplated coatings. Instead, these
"coatings" represent a thin surface layer of the diffusion
treated cJ")mponent,whose structure has been modified to a
certain depth by the diffusion of certain elements into the
component surface.

2.2.1.1. Carburisinq

Carburising is one of the earliest and cheapest methods of
diffusion treatment in which the surface layers of steels
are enriched in carbon. The general purposes of carburising
are to increase surface hardness while maintaining core
ductility, wear resista.nce and fatigue strength. Case
thicknesses vary between O.1-0.3mm for large and O.S-2.0mm
for small and medium-sized components. Typical temperatures
range between 900-950°C, but this increases for alloy
steels. Treatment times vary with case depth requirements
and a treatment at 920-930°C for one hour produces a layer
of Q.I-0.12mm depth. Carbon diffusion into the steel
surface is achieved in various ways(~.

(i) Pack ca~burising;
(ii) Gas carburisingi
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(iii) Melt carburising - Here, a melt containing 78-85%
Na2C031 10-15% NaCl, and 6-8% Si02 (typically) I is used as
the carburising medium. Advantages of this method are that
heating is more uniform with lower temperatures being
required. Component distortion is low and automation is
possibl~. A major drawback however, is the fact that the
bath requires correction quite often (about every 3 hours).

Usually, carburised layers consist of three regions. An
outer region of hypeceut.ect.oLd pearlite and secondary E'e3C.
A middle region of eutectoid pearlite only, and an inner
region of hypoeutectoid pearlite and ferrite. Surface
carbon contents vary between 0.8 and 1.1%, decreasing
obviously towards the interior. A two phase layer of
globular carbides on the surface and austenite beneath
this, is produced in alloy steels containing Cr, V, Mn, W,
and Mo. The presence of these carbi~es raises the surface
carbon content to 1.8-2.0%.

The most important properties improved by carburising are
surface hardness, wear resistance and fatigue strength.
Surface hardness of 60-65 HRC is not uncommon. 'rhehardness
distribution in the diffusion layer - typical of all
carburised articles - depends on the carburising time,
h.eating rate, and quenching and annealing temperaturec;.
W~ar resistance is improved via carburizing provided the
diffusion layer consists of fine martensite, little
globular carbide, and small amounts of residual austenite.
Optimum carbon contents, in this respect, have been found
to lie in the range 0.8-1.0%.

2.2.1.2. Nitridinq

The very rapid diffusivity of nitrogen in iron is exploited

9



in nitriding. The valuable properties obtained from
nitrided layers are high hardness(1300 HV); high seizure
and wear resistance, considerable hot hardness at 500-
600°C, and improved corrosion r~sistance. Among the
drawbacks are the process times and ~he drop in corrosion
and heat resistance of treated compon~nts. The attraction
in nitriding lies in its wide industrial application and
the variety of materials which can be treated. Examples of
the areas of application are cutting tools, aircraft parts,
and machinery in the car and oil industries. Examples of
materials treated are Cr, Al, and Low+a Ll.oy steels,
austenitic and stainless steels, as well as heat resistant
steels. There are three common methods of nitriding(9).

(i) Gas nitriding;
(ii) Glow-Discharge nitriding;

(iii) Melt nitriding The types of melts used for
nitriding vary with the manner in which nitrogen is
introduced into the component. Fused salt baths used for
"salt II nitriding have a high cyanide content and operate at
540-590oC. With neutral salts, ammonia gas is blown into
the melt. Where aqueous ammonia so l.ut.Lonsare employed,
heating is ach i eved through high fr('..rency current and
components become enveloped in an ammonia-rich gas layer.

The structure of nitrided layers can be quite complex,
complexity varying with treatment time, temperature, and
type of steel. Since nitrides dissolve carbon, complex
carbonitrides usually form, eg. B'e2(C, N) and Fe4 (C,N) •

Steels containing nitride-forming elements - Cr, Mo, Mn, W,
Ti - tend to form very small inclusions of their nitrides
along grain boundaries within the diffusion layer. The high
hardness of nitrided layers is attributed to the finely
dispersed nitride particles at the surface. However,
experimental confirmation of this hardness has not been
clearly established. For instance, a study on the influence
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of nitriding times on hardness distribution showed that
time has almost no influence on surface hardness. r...onger
times simply increase Laye r depths (SI). Nitrides of alloy
steels are harder and also have greater thermal stability
than carbon steels.

2.2.1.3. Ch~omizing

The attractive properties of chromized articles stems from
their high surface h~rdness and good wear, corrosion, and
heat resistance. Practical examples of c -z omizLnq
applications are numerous, covering a wide industrial
scale. Chromizing of dies for pressing of glass articles
increases their wear resistance 17 fold. The life of hack-
saw blades is increased by a factor of 15 using this
process. Corrosion and SCC(Stress Corrosion Cracking)
resistance of steels are also increased in this way~). A
brief discussion of the different chromizing processes is
given below.

Solid phase chromizing involves deposition (usually
electrolytic) of chromium onto the metal surface followed
by heating. Chromizing in vapour s (the earliest method)
entails vaporization of chromium and its absorption onto
the metal surface. This method has been developed to
include tre~tment of components in vacuum. In bath
chromizing, components are treated in fused salt baths
containing chromium or ferro-chrome. These baths usually
contain sodium chloride, calcium chloride, barium chlorid.e,
and sometimes chromium chloride. In some cases, chromizing
is performed in baths containing moLt.en lithium impregnated
with metallic chromium. An inert gas is passed over the
melt in order to prevent oxidation of the molten salt.
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Most attention today is focused on gas chromizing as this
technique yields thick high quality cases and can be
controlled easily. Contact chromizing is carried out in
various powder mixtures in a reducing or L\ert atmosphere.
Powder mixtures typically contain chromium-bea:t:'ing
substances (chrome, ferro-chrome, chromium oxide, ~tc.) I

substances which prevent sticking of particles to the metal
surface (aluminium oxide, :t:'efractoryclays, corundum, etc.),
and substances which act as activators (usually ammonium
chloride) .

Some of the variations of contact gas chromizing processes
deserve greater attention because of the similarities of
these processes with the salt bath process under study
here. In one method, chromizing is performed in a mixture
of chromium oxide and carbon powder or barium carbonate to
activate reduction of the oxide to metallic chromium. This
method makes it possible to overcome the difficulties of
ch:t:'omizingin chromium or ferro-chrome mixtures such as,
melting of the mixture, sticking of the mixture to
articles, and necessity of grinding the ferro-chrome which
has become attached to articles. Another method involves
chromizing in contact with a special alloy, Which consists
of ferro-chrome and of chemical elements necessary for
transporting the chromium to the surface of the article.
Gas chromizing in sealed ~ontainers is used in the
machinery industry. The saaL consists of a low melting
point (700-8000C) sodium- or borosilicate glass through
Which the evolved gases escape at the beginning of the
process('). Paste chromizing is intermediate between the
melt and gas methods where articles are covered with a
paste consisting of water mixed with ferro-chrome,
binder (bentonite), and NH4Cl. Upon heating, the metal
surface becomes impregnated with chromium.

During gas chromizing in HCl and H2, Cr atoms diffuse into
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the steel surface which is austenitic at the chromizing
temperature. A (Cr,Fe) 23C6carbide layer forms via reactive
diffusion. A polymorphic gamma-alpha transformation occurs
with further cr-ienr-Lcbment; of the austenite. Higher carbon
content accelerates formation of the above carbide and also
leads to (Cr,Fe)7C3 formation. Carbide zone depth increases
with increased time (2-20 hours) and temperature (900-1100°C)
of contact chromizing. Chromized layers are characterised
by an intermediate zone between the surface carbide zone
and the decarburized zone. Both the intermediate and
decarburized zones increase with chromizing time, but the
depth of these zones approaches a constant value after
about 6-8 hours because of carbon diffusion from the core
to the surface. In cases where powder mixtures containing
aluminium oxide (as inert addition) are used, articles are
impregnated with Al as well, in amounts of 3-6% in ~teel.
Such infiltration hampers the diffusion process and is
detr1mental to layer structure and properties.

2.2.1.4. ~oronizing

Boronizing o" steel is carried out
ferritic and austenitic alloy steels,

on carbon steels,
nickel and nickel

alloys, as well as other materials. The primary application
of boronized components is in that requiring wear
resistance, ego bushings, dies, nozzles, and protective
shells in pumps. Boronizing also imparts corrosion
resistance in steel, and reduces friction in dies, cams,
jigs, bLades, and bearings. Savings achieved via this
process are due not to a low treatment cost, but rather, to
the longer life of treated articles and to the fact that
inexpensive materials can be used. Boronizing has extend~d
from the initial method where treatment is done in powder
mixtures, to other methods outlined below(9.10).
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Boronizil'lgin powder mixtures Powders of amorphous
boron, ferro-boron, iron-boron-aluminium alloys, or boron
carbide, are used in this process. Since the process is
simple, it can be used in every plant. Components are
placed in a container and covered on all sides with the
boronizing powder. The container is then closed, sealed
with heat resistant clay and heated for sever?l hours at
950-1100°C. To prevent caking and sticking of powder to
articles, the boronizing medium should contain inert
substances like aluminium oxide or chamot.te , Also, to
accelerate the process, ammonium chloride, bozax and other
compounds are added. Boronizing in powder mixtures of
amorphous boron and NH4Cl for 4 hours at 900°C produces a
70Jlm case. In the case of boron carbide powders, addition
of NH4Cl increases case thickness by 15-20%. Ix. a study
using a mixture containing 84% boron carbide and 16% borax,
steel specimens treated for 6 hours at; 950°C developed
cases 150~Lmthick. The use of induction heating is thought
to accelerate the boronizing process.

Electrolytic boronizinq This method is based on the
electrolyti0 treatment of articles in molten baths
containing borax or other boron-bearing materials. Anodes
are made of graphite, or, of carbon rods impregnated with
borax. The process is usually carried out at 900°C. To
increase crucible life they are also boronized. In order to
reduce costs and to activate liaths , boronizing has been
carried out in a melt containing 40% borax and 60% boric
acid (anhydride) . Electrolysis for 4 hours at 9500C in such
baths produced 320llm thick layers on O.5%C steel. The
addition of NaCl to baths results in more uniform layers,
while addition of NaF increases the process rate.

Molten bath boronizinq Baths used here contain borax
and sodium or barium chloride with the addition \E boron
carbide. The simplicity of this met.hod allows it t::. be used
in any plant. Extensive investigation into this process has
been carried out. A bat.hcontaining 60% borax and 40% boron
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carbide was found to be the optimum. Using this bath, five
hours treatment of Armco iron at 1000°C produced a 300~m
thick layer. Baths containing borates, ie. Na2B407 or K2B40"
and up to 12%elemental boron may also be used. Such baths
operate at 815-1l75°C and the use of elemental boron
accelerates the process. Another bath compos LtLon contains
a metal whose free energy of oxidation is higher than that
of boron, ego Ca, Mg, Be, Ce, Lit Al, or Ti, and which
reduces borates to elementary boron. Ultrasonic waves have
been found to .intensify boronizing while additions of
phosphates, PbO or Bi203 reduce process temperature.

Gas bOltOnizing Since gaseous media have a higher
act.Lv l.t.y I gas boronizing is more efficient resulting in
faster diffusion. Typical gaseous boron compounds used are
B2HEi.1BC131 BBr31 etc. TE~mperatures range bet.weerr 700-950°C.

By comparison, electrolytic boronizing produces thicker
cases in a relatively short ti.me. Molten bath boronizing is
slower with the equipment needed being much simpler.
However" bath depletion takes place x:apidly. Gas boronizing
is most promising, but the high toxicity of the gases
limits industrial application. Boronizing in powders is
sLower than the above methods, but the simplicity of
equipment and high quality of cases produced makes it
t .vourabl e . Recently developed boronizing methods with
little practical use as yet, include coating from B-
containing slurries followed by diffusion, and, boronizing
in B203 - Al mixtures.

Boronized steels generally contain a surface layer of iron
borides, beneath which exists a carbon-rich zone and an
alpha-solid solution. Excess carbon in the carbon-rich zone
comes from the surface layer. Boronized sUrfacE'<=:comprise
two layers, namely an upper FeB layer with a Fe2B layer
beneath this. 'The borides in these layers are acicular an~
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orientated perpendicularly to the surface, as shown in
Figure.2.2.1.

The duration of boronizing influences the depth of the
boride layer, and the extent of the zones beneath this
layer. The tb-ickness of the p.o.tidelayer decreases with
increasing carbon content n Gl;owth of the boride layer is
governed by a parabolic law, !~sindicated by Figura. 2.2.2,
which shows the boride layer growth with time for steel
boronized in a powder mixture. The duration of boronizing
also influences the extent of FeB and Fe2B in the layer,
with longer times increasing the amount of the FeB phase.
Higher carbon contents result in a decrease in the amount
of the FeB phase and an increase in the amount of the Fe2B
phase.

Hardening and high temperature annealing of boronized steel
is considered to have no influence on the microhardness of
the borides, due to their high temperature stability. The
dimensions of steels are alteced with boronizing with the
dimensions of low carbon, steels are increased. The
influence of boronizing on the mechanical properties of
steels is not uniform since the relatively thin and brittle
case cannot have a major effect on the tensile strength or
the yield strength of the substrate material. Thus,
boronizing increases the UTS and yield strength of steel
slightly. Ductility as well, is little affected. Boronized
cases adhere strongly to the substrate mainly because of
their acicular structure. Adhesion strengths of these cases
are similar to that of carburised layers.

2.2.1.5. Vanadizing

The impregnation of the surface of steel components with
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Figure.:2.2 .1. Microstructure of bo.ri de layer(lO).
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Figure.2.2.2. Variation ~f boride layer thickness
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vanadium is a technique which is relatively unexploited in
industry. As might be expected, little information
regarding this process is available. A number of methods
have been developed whereby vanadium is ctiffused into
steel. Vanadizing in powders is typically cazri.ed out in
mixtures containing fErro-vanadium, aluminium oxide, and
ammonium chloride. Gas impregnation of vanadium usually
involves HCl and H2 mixtures in the presence of vanadium or
ferro-vanadium. Other gas mixtures are sometimes used, ego
VC14 and H2 (9) •

Coarse columnar crystals of a solid solution of vanadium in
alpha-iron are formed on the surface of vanadized iron or
low-carbon steels 0 'rhese crystals may contain up to 50%
vanadium. In the case of substrate materials with higher
carbon contents, vanadium carbide layers are formed on the
surface. Vanadium content decreases sharply towards the
interior of vanadized components. As in the case of
chromizing, the kinetics of vanadium carbide layer
formation are based on the diffusion of vanadium atoms into
the steel and of carbon atoms from the core to the surface.
The thickest carbide layers are formed in steels containing
O.5-l.65%C, all process conditions being equal. A zone of
alpha-solid solution exists beneath the carbide layer, and
a decarburized zone below this.

Adhesion strengths and uniformity of these layers is guod.
Typical microhardness values of the carbide zone lie in the
range 1850-2.000 kg/mm2. However, layers "Pormed are quite
thin (0.010 - 0.020 mm) depending on method and process
conditions. Nonetheless, vanadized steels have high wear
resistance. The thickness of the diffusion layer, which
influences the mechanical properties of vanadized steel,
depends on the diffusion rate of vanadium which in the case
of Armco iron may be represented by the equation,
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An investigation into the properties of vanadi:zed medium-
carbon(0.5%C) steel, using different powder mixtures
produced the following results. Vanadizing in a powder
mixture of 60% ferro-vanadium, 33% aluminum oxide, and 7%
ammonium chloride for 6 and 16 hours at 1100°C pr:oduced
carbide zones 0.012 (l2J.l.m)and 0.02 (20J.l.m)respectively.
Using a modified mixture of 60% V, 35% A1203, and 5% NH4Cl,
and vanadizing for 6 hours at 1000°C, produced a diffusion
layer 6-12 microns thick. The abrasive wear resistance of
metal treated in the modified mixture was improved. In
addition, the corrosion resistance in water, NaCl, and
sulphuric acid increased, but was reduced in alkaline
solutions (9) •

2.2.2. yapour Deposition Processes

vapour deposition processes produce coatings on substrate
materials by one of two methods. PVD (Physical Vapour
Deposition) techniques involve condensation from the vapour
phase, while CVD(Chemical vapour Deposition) methods
involve r'eact.Lonfrom the vapour phase. PVD is confined
almost wholly to making relatively thin films (10J..l.mto
rcoun) whereas CVD produces both thin films and layers in
excess of 1mm. At present however, there is an extensive
overlap in CVD and PVD processes with hybrid techniques
continually emerging. The main reason for this is the
extensive development taking place in these areas in orde:c
to meet industrial demands. Therefore, hard and fast
distinctions with respect to individual vapour deposition
process are becoming increasingly difficult to make. The
underlying principles of the various processes nonetheless
remains the same.
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All vapour deposition processes are characterised by the
fact that components are treated in a chamber, which is
either a vacuum chamber, or one designed to withstand the
high temperature and corrosive gases which are used in CVD.
Although the size of objects to be coated is limited in
this respect, this limitation is attributable more to
capital expenditure rather than process fundamentals. This
is confirmed by the coating of aircraft components, with
aluminium, in 2m by 3m chambers. A further confirmation of
this is the solar coating of architectural glass in plants
of up to 60m long. Another characteristic feature of vapour
deposition is the batch basis on which components are
treated. Exceptions to this are the barrel-coating of large
numbers of small objects, and, the vacuum evaporation of Al
onto paper/plastic sheet which is a continuous process.

Coating vapours used in PVD processes can be generated by
evaporation from a molten source, or, ejection of atoms
from a solid source undergoing bombardment by ions. If the
vapour is left as a stream of neutral atoms in vacuum the
process is referred to as vacuum evaporation. In the case
of ion plating and sputter coating, the vapour is mixed
with an ionised gas (typically 0.1%) and is then deposited
on an earthed/biased substrate. A highly ionised vapour
stream forms a plasma which is attracted to a biased
substrate in the arc plasma evaporation process. At the
extreme end, a 100% ionised beam can be focused and
accelerated to energies high enough to penetrate the
substrate. This last process is commonly known as ion
implantation. Ion bombardment of the source allows a wider
range of materials to be deposited, as well as, the
production of thin optical and electronic films.

CVD covers a broad range of processes, all of which use
gaseous reagents undergoing chemical reactions near or on
the heated surface which is to be coated. Figure.2.2.3
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Chemical vapour deposition
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Figure.2.2.3. Reactions involved in CVD
process (").

displays the different reaction types involved in CVD
processes. Generally, three stages ar~ involved ln these
processes.

(i) Production of the volatile carrier compound, ego
nickel carbonyl ;

(ii) Transportation of the reagent gas - without
decomposition - to the deposition site ;

(iii) Chemical reaction to produce coating on
substrate.

These stages may be distinct in both time and space,
or, they may all occur simultaneously. An example of the
latter is the quartz-iodide lamp where the tungsten
filament is continually re-coated by its own evaporated
vapour. Although these characteristics limit the CVD
technique in many ways, CVD is particularly useful for
depositing mat rials which are difficult to deposit by
other means to the required t.hi.ckness . CVD is probably
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unique for its ability to make pyrolytic carbon and
pyrolytic boron nitride.

Substrate cleanliness requirements are less stringent in
CVD than with P\~, mainly because of the high temperatures
used and the general nature of the reactions involved.
Throwing power is excellent since gases are used around
atmospheric pressure. Thus all exposed surfaces are coated
to a high degree of uniformity. Coating roughness,
especially with thick coatings(10~m-lmm), is usually
greater than that of the underlying substrate.

As with PVD, ionisation of the reactive species by the
introduction of a glow discharge enhances the capabilities
of conventional CVD processes. Plasma activated CVD(PACVD)
makes use of DC and RF plasmas for enhancing deposition
characteristics. The application of PACVD in the
manufacture of diamond films is currently of considerable
interest in wear resistant applications. Such films are
deposited from a mixture of hydrogen and organic gases
containing methyl radicals at growth rates of about
lO~m/hour. Russian workers have been reported to be
producing coatings in excess of Imm thickness. Diamond
films also have huge potential application in the
semiconductor field. In this respect, CVD is probably the
only technique that can be used to deposit diamond films to
thicknesses above a few micrometers.

The techniques described above all involve complex
equipment and operational control, and high capital
expenditure. Other limitations of these techniques, are the
low deposition
sputter ion
O.l~m/hour.

rates which are achieved. For examp l,ewith
plating, coating rates cannot exceed
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2.2.3. Thermal Spr~yinqProcesses

In thermal spraying processes, consumable coat.Lnq material
is fed into a high temperature spray gun. The coating
material is heated to a molten state within the gun, at
which point it is projected in particulate form towards the
wiJrkpiece. These hot particles form inter-locking splat!:)
when they collide with the workpiece (Figure.2.2.4). In this
way, a coating of desired thickness is built up over the
substrate. Generally, thermal spraying offers great
flexibility because spraying can be done in air. In
addition, virtually all material compos Lt.Lons may be
deposited provided there is a stable liquid phase.

Metals, ceramics, carbides, or plastics, or combinations
of these, may be deposited. As such, the strength of bond
between coating and substrate varies over a wide range,
depending on both the material and spray process used.
The density of sprayed coatings varies with coa~ing
material and the temperature at which it strikes the
wurkpiece, and, the impact energy of the molten particles.
Coating adhesion depends on the same factors with the
surface condition of the substrate having significant
Lnf Luer ce, For adequate adhesion pr'ope rt.Les, surfaces must
be I,h..an and suitably roughened. Adhesion strengths of
thermally sprayed coatings vary from relatively low values
to those approaching welded bond strengths. High strengths
are obtained in the processes involving high temperature
diffusion between coating particles and subst.rate .

Thermal epraying processes fall into two categories, namely
the low energy and high energy processes. The former
processes are often referred to as metallising and are used
extensively for spraying metals such as zinc and aluminium
for corrosion resistance (Figure. 2.2.4) . Metallising usually
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li'iqure. 2.2.4. Oxyf'ue l, gas wire spraying(4).
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finds application where components to be coated are large
"nd the magnitude of' thermal and mechanical shock, as well
as abrasive wear is small. One of the distinctive features
of coatings produced by low energy processes is the
relatively higher porosity present than that found in
higher energy processes. The effects of porosity may be
positive or negative. The positive aspect stems from the
fact that it decreases residual stresses and acts as a
reservoir for lubricant. in bearing applications. On the
negative side, corr()sion could penetrate the coating
through these pores. El!:amples of low energy spraying
processes are arc or flame spraying.

Higher energy processes such as plasma, D-gun and high
velocity combustion spraying provide coatings of higher
density, r.educed poro si.t.y, and improved adhesion strength.
Moreover, these processes are suitable for mater~als with
higher melting points, thereby extending the application of
sprayed coatings to include resistance to thermal and
mechanical shock, and wear resistance. Ar:.other important
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distinction between the two groups of spray processes, is
cost and portability. Metallising processes generally
involve lower capital cost and greater flexibility, while
the high temperature methods involve higher capital
expenditure and tend to be used in fixed installations.

Graded coatings are useful in reducing spalling due to the
different expansion characteristics between substrate
metal, ego steels, and coating, ego ceramic. Typically, a
layer with 70-80% metal component is applied first, then a
layer with 20-30% metal, and finally a layer of ceramic. In
doing so, the respective wear resi~".:ance and thermal
conduct.ivity of ce:camic and metal are combined.

Thermal spray processes are line of sight processes.
Therefore, surfaces to be coated must be accessible to
spray guns chusen for a particular process. Small recesses
and holes pose a problem. Fu.r'thel'more,there is inadequate
ventilation for gas and overspray in such areas. It is
important to note that overspraying constitutes a health
and safety risk.
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2.3. Physical and Mechanical Properties of
Coated Materials

2.3.1. Hardness of Coated materials

The hardness of a material can be defined as .its resistance
to permanent deformation (11). Hardness of bulk material can
quite easily be determined using macrohardness testing. In
other cases, for instance those of distinct microstructural
features or thin coatings, microhardness testing becomes
necessary. HO\<JeVer,there are a number of limitations
associated with both macro- and microhardness testing.

one of the general problems with hardness tests is the
variation in hardness obtained with loads used. In order to
reduce the probable error when carrying out ha- duess tests
on a material, it is proposed that the largest possible
load be used to obtain a large indentation which can be
measured accurately. With large indentations the percentage
error, for a specified accuracy of the testing machine, is
reduced (11). However, the shortcoming to this approach is
that the probable error on hardness testing also varies
with the size of the indentation made. The likely error for
a given indentation size increases as the load used to
obtain that indentation increases. Additional limitations
arise when the microhardness of microstructural features,
e. g. grains or inclusions, or thin surface layers and
'oatings have to be assessed.

Assessing the microhardness of coated materials directly,
by measuring indentations on the coating is a complex task
involving a number of complications. Conventional
microhardness machines employ Lnderrtezs which press too
deeply into coated samples, ie. the indentation is in close
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proximity to the coating-substrate interface, or, it
extends beneath this interface. As a consequence of this,
hardness values recorded for surface layers are influenced
by the hardness of substrate materials. This effect is more
pronounced in implanted layers where the layer depth is of
the order of 1 ~m, whereas the indenter depth lies in the
range 1-2 ~m(12). The maximum depth of indentations is
usually not greater than one seventh the length of the
diagonal.

In recent years, the increasing use of
protective coatings has created a
characterisation of coatings anJ ~heir

wear resistant or
ne~d for proper
properties. Among

the important properties requiring characterisation is
hardness. Characterisation of thin film (1-10,!.J.m)hardness is
difficult since such films require indentation d.epths
between 0.1-1 um to giv~ what is referrE:':dto as "t rue" film
hardness. By "t.zue " film hardness it is mes.nt; a hardness
independent of and not influenced by the substrate
material (12).

To achieve film-substrate independency with respect to
hardness, the film thickness should necessarily be ten
times the indentation depth, This apparently accounts for
subsurface damage beneath an indentation by eliminating the
influence of the substrate-coating interface proximity. In
doing so, the effects of substrate hardness on coating
hardness is eliminated. In practice, indentation depths of
a .1~·1~m are beyond the capability of most commercial
microhardness apparatus. Various methods have been devised
to determine the hardness of thin coatings. One method used
quite successfully involves the use of an ultra-low load
microhardness testing machine, thereby achieving
indentation depths in the range stated above.
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Other efforts towards characterisation of thin coating
hardness have centred on modelling of hardness behaviour
based on a number of theories. For instance, some
resear.chers quote hardn~ss values for thin films that have
been obtained f>:om specially produced thick films (often
still less than lO~m thick), using the minimum load that
produces a measurable LmprressLcr Interestingly enough,
such values tend to be higher than those ~isted for the
bulk material in literature. One of the main reasons for
this is the fact that hardness is not a material constant
but varies with load (13) •

Alternative methods to measuring thin film hardness by
small indentations aim at accounting for the contributions
to measured hardness from.both the film and the substrate.
This would appear to be a more appropriate technique since
the hardness of a coated material is a composite value,
reflecting the contributions to hardness by both the
coating and substrate. Several attempts have been made to
model this composite hardness behaviour of coated materials
based on empirical or semi-empirical approaches.

One model proposed (14) combines substrate hardness liS, and
film hardness Sf, to give a "composite" hardness He using
the equaton,

where,

Hc =
Hf =
Hs =
ee =

composite hardness i
film hardness ;
s~bstrate hardness;
empirical factor independent of material.
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Alpha varies smoothly with the ratio of the diagonal length
of the indentation to the coating thickness to some extent.
It is essentially a weighting factor determining to what
ext:ent the coating influences composite hardness. For
relatively thick, hard coatings(5-10~m) on less hard
substrate, it was found that coat i.nq hardness could be
established when indentation dc:?ths were less than one
tenth the coating thickness.

A more recent model proposed by Jonsonn and Hogmark(l.5)
requires the hardness of coated and pure substrate, as well
as the coating thickness. This model allows one to obtain
the characteristic microhardness of a coating using a
conventional microhardness tester. Layer hardness in this
case is calculated according to the relation,

where all variables are as in the above equation, and, G is
a geometric factor. Hc and Hs are calculated from the
Vicker's hardness formula,

H- 1854.4 P
d2

where,

P = load in g;
d ~ average length of diagonals in ~m.

The application of this model in measuring the
microhardness of nitrogen implanted layers on steel was
carried out by Bredell and Malherbe(14). Their results
showed that there is a critical dependence of hardness on
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film thickness. Thus, the more non-uniform a coating, the
greater the variation in hardness one could expect. A
peculiarity about this model is that it fails when
indentation depths are less than the film thickness.

As can be discerned from the above discussion, measuring
the hardness of thin coatings is not a straightforward
procedure. Varying results are obtained using' different
models. Variations also arise due to other factors like
non-uniformity of coating thickness over relatively large
distance on substr.ate materials, compelling one to quote an
average hardness value. Moreover, the scarcity of reliable
hardness data for thin films mak8s it difficult to judge
how accurate or reliable a particular model is. The main
criterion of any method is that it generate reproducible
data which can be used to rank the hardness of different
materials. To achieve this with coated materials, the
correct load and indentation size have to be chosen for a
given coating thickness.

2.3.2. Influence of Resi.dual stresse~

Residual stresses induced by coatings have a considerable
influence on subat.rate materials. To appreciate the effects
of residual stress induced by coatings, it is necessary to
understand these stresses in general, Apart from residual
stresses due to overlay or diffusion coatings, such
stresses can also be generated by processes like rolling,
shot peening, induction hardening and so on. In these
cases, compressive residual stresses are introduced in the
surface of the material. Tensile stresses in the bulk
material can balance the effect of these compressive
residual stresses. Residual stresses compensated for in
this way without the application of an external load are
referred to as residual stresses of 'the "first kindll(9).
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Transformations, not only at the metal surface, but in the
bulk material also induce residual stresses. Changes in the
specific volumes of neighbouring regions within a material
can give rise to these stresses. Such volume changes may be
due to(l),

(i) Differences in plastic deformation ;
(ii) Structural changes ;

(iii) Concentration changes ;
(iv) Chemical transformations ;
(v) Thermal transformations.

of the metal in these regions. Work hardening is a common
example where volume changes in a surface layer induce
residual stresses. Residual stresses caused by non-uniform
heating are referred to as "thermoplastic" stresses.
Diffusion processes also give rise to residual stresses(!).

The stability of residual stresses within a particular
material at room temperature has a significant influence on
the strength and endurance of the material. Residual stress
stability in this case would depend on time, stress-
intensity, the properties of the metal and the way in which
the stresses were induced. For instance, it has been found
that prolonged ageing of steel at room temperature reduces
residual stresses by 5-8%(11).compressive residual stresses
raise the endurance limit of steels in air, this behaviour
being attributed to the fact that compressive residual
stresses concentrate in the vicinity of notches. Tensile
residual stresses have an opposite effect in th,,\tthey
increase the notch sensitivity of steels. There are some
exceptions to the above findings. Certain physical and
mechanical changes in the surface layers of materials can
iL~~ease fatigue strength even in the presence of tensile
residual stresses. An interesting example of this 1s found
in decarburiz~d surface layers. Loss of carbon produces
tensile residual stresses, but the low notch sensitivity of

31



ferrite in the surface layers can increase the fatigue
strength (16) •

Numerous effects are induced by residual stresses in
materials. When assessing the influence of these stresses
in steels, the sign and magnitude of these stresses at thp
surface of the material, as well as, their distribution and
gradient in the bulk of the metal must be known. With
regard to coated materials, analysis of stresses in coated
steels, and alloys, has shown that residual stress
diagrams, which describe the sign and distribution of
stresse~ in these materials, can be plotted(~. Generally,
all diagrams of this type can be divided into six main
types and two auxiliary types. The dist .nction between the
different types is based on the location of the maximum
residual compressive or tensile stress in the coated
material. Figures.2.3.1. (a) and (b) illustrate the eight
types of residual stress diagrams encountered. Each diagram
can be described as follows, with an example given for each
case.

Type I Compressive residual stresses with a maximum
intensity at the surface, ego work-hardened and induction
heated components. Also found in processes wher-ethere is
uniform or step-wise decrease in concentration of a
diffusing element from surface to interior.

~ype II Compressive residual stresses with maximum
intensity at the surface. This maximum can be -transformed
into a tensile stress with maximum intensity at a metal-
coating boundary. In the case of diffusion coatings, where
the boundary is arbitrary, a boundary must be chosen. This
arises in diffusion layers comprising several regions of
differing structures and physical or mechanical properties,
ego in steels impregnated with strong carbide-forming
elements or steels with an austenitic region beneath the
diffusion layer.
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Type III Compressive stresses with a maximum intensity
at the metal coating boundary. This is found in articles
with electrodeposited diffusion coatings, where the coating
material is first electrodeposited and then heated to
promote thermal diffusion. Heating of articles with
composite coatings leads to diffusion of coating material
into the substrate beneath the metal/coating boundary. This
forms a diffusion layer with a. specific volume different to
that of either substrate or coating and leads to
compressive stresses of this type.

Type IV Residual tensile stresses with maximum
intensity at the ~ul'face, eg. electroplating and
decarburized surface layers.

Type V Residual tensile stress with a maximum 2t the
surface, which can be transformed into compressive stresses
with a maximum at the metal-coating boundary, ego
electrodeposited diffusion/composite coatings.

tYEe VI Residual tensile with a maximum at the metal
diffusion layer boundary, ego steels with a decarburized
case containing an austenitic layer.

Auxiliary types These are variations of the above
types, the difference being that the maximum inLensities
are not situated at the aur-f'aceor metal-coating/diffusion
layer bounda.r:y,but rather at a depth smaller than the
coating/d!ffusion layer thickness. This occurs as a result
of residual stress relaxation processes, causing a shift in
the maximum intensity.

A number of variables therefore influence the distribution
of residual stresses in surface treated components. The
classification given here covers mos·tof those encountered
in practice. Exceptions occur in cases where the stress
distributions are more complex as in the case of laminated
materials o~ composite diffusion coatings.
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2.4. Physical Chemistry and Metallurgy of Melts

In this section, attention was paid to the physicochemical
aspects of melts and glasses, especiall~ with regard to
melts similar to borax. Knowledge of the chemistry and
thermodynamics of the borax melt, as well as melts in
general, would be useful in understanding the nature of the
TD process.

2.4.~.Types of Melts

variations in the nature and properties of melt':::are due
mainly to the differences in the components making up the
melt. '1'hesedifferences are highlighted below(17,18).

(i) Ionic Halides As implied by the neme, these melts
are made up of salts comprising a metal and non-rnet.al
(halide), ego NaCI, KCl, NaI. Generally, melts of this kind
have relatively high conductance. This stems from the
strong ionic character of the constituents.

(ii) Non-Ionic Halides - Examples of such melts are BeCl2
and 7onC12• These melts may be distinguished from the
prevLous type by the very low conductance they have.
However, increasing the temperature of these melts greatly
increases their conductance. This is chiefly due to the
dissociation of melt constituents into anions and cations
at high temperatures.

(iii) Sulphides Sulphide melts consist of compounds
such CiS PeS, Cu2S, Ni)S2! etc. Conduction in sulphide melts
is mainly electronic, by contrast to ionic-halide melts,
resulting in relatively high specific conductance. In the
case of FeS and Cu2S I the conduct.ance increases as the
concentration of sulphur increases.
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(i",,) Stable polyatomic a.nion melts These are meLt.s
containing polyatomic anions like N03-, N02-, CO/- and SO/-.
Typical melts of this type are those containing nitrates,
nitrites, sulphates and carbonates. The poLyat.omd,canions
1Lst.ed above, are preserved or. melting 1 ie. they are
stable.

(v) Oxides Oxide melts fall broadly into two groups,
namely ionic and covalent. The most important oxides of the
latter group are those in which oxygen is bonded to form 3-
D networks of the kind found in melts of 8:!031 SiOu Ge02

and P20S' Melts of these oxides have very hiqh viscosities
and very low specific conductance.

Ionic oxide melts on the other hand, have very high
conductances, even higher than those of ionic--halide melts.
Oxides falling into this category are Cr203f Ti021 V205,

Bi203, FeO and MnO. The high conductance of these melts
arises primarily from two conduction mechanisms (17). One
mechanism involves electronic conduction ar i sf.nc from
normal semi-conduction, where conducting electrons aro not
localised, ie. they move between ions of different type.
The second mechanism involves the movement of localised
electrons between ions of varying charge within the melt.
These ions are all of the same type, hence the reference to
"localised" electrons. These melts usually contain ions of
more than one valency, cg. Cr2+ /Cr3+ or Fe2+ /Fe3+. With these
melts, very ,1 ittle change in conductance occurs with
melLing. The process of fusion has little effect on
electron movement, but enormous influence on ion movement.

In spite of the complexity of erect r Lca.l conduction in
liquid oxides, it is convenient when c~nsidering structure
and reaction mechen.isms, to regard them as consisting
primarily of metal and oxygen ions. The structure of liquid
oxides differ from the corresponding solid with respect to
coordination number s , nearest neighbour dd st arice s and so
on. Wi'i:hsome oxides, complex ions may exist aLoriqs j ;e the
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simple oxygen and metal ions (19) •

(vi) Ne~work-forminq oxides Oxides which form glasses
when melted and cooled are called glass-forming or network-
forming oxides, because of their ability to build up
continuous 3-D random networks. Silicate (Si02), phosphate
(P205) and borat:,G (B203) melts, which form part of the
covalent group of oxi ie melts desc:ribed above, are
remarkable for their tendency to supercool and form solid
glasses, unlike other melts which crystallise on cooling.
Glasses are supercooled liquids Which do not have sharp
melting points, but soften qradually and eventually become
fluid due to the continuous fall in viscosity with rising
temperature (19) • Oxides of this nature give rise to highly
viscous melts with very low electrical conductances. The
low conductances confirm that bonding is covalent, and the
high viscosities that the 3"'D covalent network is retained
on fusion.

XRD(X....Ray diffraction) studies on liquid B203 have shown
that the basic building units are B03-triangles which share
corners with each other. The difference between the regular
crystalline lattice and that of glasses is illustrated in
Figure. 2 .4.1, where the oxide M203represents B203• In both
cases (a) and (b), the structural unit is the M03(B03) -

triangle, however, with the glass structure long-range
order is absent. Instead" glasses possess short-range order
with their networks being non-periodic. This is essentially
the reason why g'lasses unlike regular crystals do not give
sharp, well-defined X-Ray spectra~7).

2 .4 . 2. l\\eactions between iQf; ic and r1etwork"'form;~nq oxic;!!!.~.

It is important in the light of this project to nnderstand
the physicochemical reactions which occur when an ionic
oxide like Na20 is added to a glass-or network" !:orming
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(a)

o Olygen ion
G Mion

(b)

Figure.2.4.1. 2-Dimens.i.onal representation of an
oxide M203in (a)Crystalline form
and (b)Glassy form(:l.7).

oxide like B2031 since these two oxides make up the
borax (Na2B407 or Na20.2B203) melt.

Ionic oxi.des added to glass-forming oxides Can be separated
into t,;;!Ogroups according to the functions they perform
within the glass structure(17). These two groups are known
as intermediate oxides or network-modifying oxides. The
former group of oxides is capable of taking part in the
glass network, ego aluminium oxide. The latter group, ego
Na20, more relevant in this casa, are incapable of building
up a continuous net'Wor'k:structure end as such their effect
on the glass network is usua l Ly to weaker, it.

The changes which occur when Na20 is added to B203 are well
represented by those which take place when Na20 is added to
silica glass. This is so because 8i02 and 8203 are oxides of
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the same type. Addition of Na20 to Si02 causes structural
changes to the network as shown in Figure.2.4.2, where the
oxygen bridges between Si04-groups are broken down. There
are now two non-bridging oxygen atoms betwp~n Si04-groups,
one of which has been contributed by Na20. Thus Na20
produces gaps in the continuous network structure, with Na+
ions being accommodated in holes or interstices within the
random network structure as indicated by Figure. 2 .4.2 (20~ •

The first crystalline structures which can be formed when
ionic-oxides are added to silica have the general formula
M20. 2Si02 (:::Na20.2B203) • These structures are stable only when
the cations are large and univalent, ego Na+ or K+. When
divalent cations are added, eg. Ca2+ (CaO) or Mg2+(MgO), one
cation is present for each pair of non-bridging oxygen
ions. In this case, where the cations are univalent, two
cations are present for each pair of non-bridging oxygen
atoms. This is shown in Figure. 2.4.:3.

Higher proportions o~eNa20 cause progressive breakdown of
the silica or borate netwc:k, reSUlting in different
structures. Reaction between Na~O and B203 gives rise to a
branched structure. XRD studies indicate t.hat B203 has a
coordination number of 3.1 at room temperature. Addition of
Na20 increases the coordination number until at 0.33 mole
fraction it becomes 3.9. This implies that the boron atom
changes form from triangular to tetrahedral. This
tr.ansformation from three to four is thought to be mainly
responsible for the anomalous behaviour of borates with
reSpf:1ctto viscosity and temperature. Figure. 2.4.4 displays
this behaviour of borates.

Unlike silica and phosphate mixed with Na20, the viscosity
of Na20. B203 increases initially and then decreases to a
mole fraction'of 0.33 Ha20. Thereafter it decreases again.
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Figure.2.4.3. 2-Dimensional representation of the
structure of soda-silica glass(U).
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This is attributed to the progressive weakening of the
structure due to breakdown of B-O-B links, allowing easier
expansion of the borate structure.There is nonetheless an
overall decrease in viscosity with Lncve asInq Na:p
percentage. The relation between viscosity and temperature
for glasses is important in a number of ways. For instance,
a low viscosity favours rapid rise of gas bubbles through
the melt, thereby rendering the melt fairly free of gas (17) •

The addition of Na20 to B203 is significant in this respect
since it decreases the viscosity of the melt as shown in
Figure.2,4.4.

~1other important property of the melts described here is
their conductance. The conductance of silicate melts is
always raised by addition of metal oxides and the
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conduction mechanism is primarily ionic. Similar effects
are found in molten phosphates and borates and a transport
number of unity has been reported for cations in glassy
Na20 .B203 at 300°C. Figure. 2 .4 .5 shows the decrease in
activation energy for electrical conduction ([Ek]p) with
increasing MO percentage for borates. It can be seen that
at 50% Na20, there is a fair increase in conductance with
a corresponding decrease in [Ek]p(H).

2.4.3. :l).pplioations of Borax

A knowledge of the uses of borax salt wou Ld shed some light
on the way it fv~ctionB in the salt bath. Boric oxide(B203)

is often used as a fluxing agent for decomposing and
dissolving analytical samples. Wh:en the decomposition of
samples which art?to be ana l.yaed by conventional methods is
slow, or in some cases non-existent, fluxes such as B2C, are
employed(22). This is typically the case where refractory
materials have to be analyzed.

Fluxes decompose most substances by virtue of the high
temperature at which they are used(300-1000°C) and the high
concentration of reagent (flux) which is brought into
contact with the sample. This is usually ten times the
sample weight (23) • The high concentration of flux is
required for successful fusion of the sample. Fusion
involves intimate mixing of the flux and sample, preferably
in the crucible to be used fOr melting, and then heating
the mixture gradually to the required temperature. Fusion
times range from few minutes to several hours. There are
certain disadvantages associated with the large amount of
flux used, Firstly, the high temperatures used enhance the
danger of volatilisation losses. There is also the
possibility o~ significant contamination which may be
introduced by the large amounts of flux used.
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Lastly, some attack by the f Lux on the crud.ble material
also results. Boric oxide is an acidic flu~ which gives
rise to high viscosity melts with very low electrical
conductance. Addition of Na20 t.o B203 renders the melt more
basic, decreas~s its viscosity and increases conductance.
As such, borates form part of the basic group of fluxes (~4) •
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2.5. The TO Process

2.5.1. Background

It was stated initially that studies of a similar nature to
that carried out in this project were implemented in Japan
in the early seventies. Over the last two decades, these
studies have culminated into what is today known as the
Toyota Diffusion (TD) process. In 1968, research was
initiated in Japan into the development of hard, wear
resistant boride coatings. These coatings were produced by
diffusing boron into the metal surface, the metal component
being .Lmmersed in a salt bath (25) •

Salt baths used in the initial boriding studies contained
borax and various additives, operating at temperatures
between 800-1000°C. Subsequently, it was found that carbide
coatings formed over metal surfaces containing carbon, when
the borax baths comprised additives such as V, Cr, and Nb.
The deais.ion was made to develop these coatings, and
factors governing treatment technology, such as coating
reproducibility, bath deterioration and treatment
conditions. It was believed that development of these
coatings would be much more fruitful than those obtained
from boriding, as the latter process did not ensure
toughness (25) •

2.5.2. Processi.J~g'l'echniaue

One of the outsta~ding features of the TD process is its
simplicity, especially when compared to other carbide
coating processes like CVD. Materials to be treated are
simply placed· in a heat resistant pot containing borax and
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carbide forming additives which in turn is placed in a salt
bath furnace, as shown by Fiqure.2.5.1.

Operating t.smpez-at.u.resare quite high and range between
800-1250°C, with treatment times between 3-12 hours. The
percentage of ferro-alloy added to the bath is typically
about 10%. Higher additions have an adverse effect on bath
fluidity and homogeneity, whereas smaller amounts affect
reaction rates and bath saturation (2i) • Figure. 2.5.2
outlines the steps involved in processing components by
this process. These are as follows '-

(1) Component degreasing - Ensures coating uniformity
and good adhesion properties ;

(2) Component preheating - Done in an ordinary heat
treatment furnace to prevent cracking and
distortion due to rapid heating in bath ;

(3) Immersion - Layer thickness varies with bath
temperature, time and substrata composition ;

(4) Hardening - Quen(""l.ingin air, oil or salt to harden
components if res.uired, since bath temperatures are
close to those required for hardening steels ;

(5) Tempering - Included if treated parts are rapidly
quenched ;

(6) Cleaning - Of attached salt, which is easily
~ccomplished by boiling in hot water ;

(7) Dimensional control - To check if parts, are
distorted, cracked or require further finishing.

Some noteworthy features of the TO process, which can be
overriding if selecting a particular carbide coating
process, are listed below.

(i) Simple equipment and easy operation;
(ii) Variable and selective (by masking) coatings;

(iii) Non-line of sight with uniform coatings;
(iv) No air ~ollution or complex wast~ disposal;
(v) Low cost with long bath, ~nd pot lives.
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2.5.3. Growth Mechanism and the Formation
of Carbide Laye't"s

Arai (25) states that the reactions between the various
additives and borax in the bath could generally be
explained in terms of the free energy of oxide formation
and the free energy of carbide formation of the various
bath constituents. This is indicated by Figure. 2.5.3.
Elements having free energies of oxide formation more
rieqat.Lvethan B;103'eg. Al or Mg, reduce B203 in the bath,
resulting in the diffusion of active boron into the steel
to form boride layers comprising Fe2B and FeB. Formation of
such boride layers is apparently unaffected by the free
energy of carbide formation.

Elements with free energies of oxide formation less
negative than that of B20J1 and f:t:'C;·,;?energies of carbide
formation more negative than that of F~, ego V, Cr, and Nb,
combine with carbon in the steel to form a layer of VC,
Cr7C3 or Cr23C61 and NbC respectively I as these elements do
not reduce B203• Finally, elements with more positive free
energies of oxide and carbide formation do not reduce B203

or form any carbide, ego Co. Interestingly enough, it was
found that under certain conditions these eLement.sdiffused
into the steel to form alloy layers of Fe-Ni or Fe-Co.

A model proposed by Arai (28) represent ing the growth of
carbide layers by this process is illustrated in
Figura.2.5.4. Initially, the carbide forming element
dissolved in the molten borax combines with carbon at the
steel surface to form a very thin carbide layer.
Thereafter, carbon in the substrate diffuses through this
initial layer and reacts with carbide forming elements at
the surface of the layer, leading to fUrther growth.
Vi!'tually none of the substrate elements are found in the
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carbide Ls y,::r,as they have a low speed of diffusion in the
layer. By contrast, the carbide forming elements diffuse
into the base metal to a small extent (25) •

It appears however that the mechanism of car.bide formation
is mOre complex than implied by this discussion. Child et
al. (26) found the state of oxidation of the react!ve
species, ie. carbide forming element, to be critical to the
formation of layers. They speculated as to whether che
layer formation occurred by reaction at the bath-substrate
interface between the solid ferro-'alloy and the carbon in
the substrate, with possible side reactions in the molten
borax. It was found that the carbide forming element, ego
V, oxidised rapidly under certain conditions. No VC layers
formed on steels treated in small stainless steel crucibles
containing about lkg borax with 10% ferro-vanadium(-100
mesh) f when 'thebath was heated under strongly oxidising
conditions.

It was also found that carbide coatings could be obtained
in such baths if about 8% ferro-aluminium was added(26).The
addition of ferro-aluminium rendered the bath active. This
suggested that oxidising conditions could occur in borax
baths especially if such baths are small. The result of
oxidation is a daxk glassy slag of vanadium oxide and
borax. Child et ala (26) also found that VC layers formed
satisfactorily on steels immersed in 2kg borax baths, when
a blanket of argon was maintained over the meLt.
Incidentally, the borax glass appeared to be green in
colour in this case. It is interesting to note from this
viewpoint that currently, the largest operating furnace of
this type in Japan is 700mm in diameter and 1500mm in
depth. Much of the early work performed by Arai (25) used
small graphite crucibles and presumably avoided oxidation.
Oxidation may occur at the salt/air interface, especially
if the bath is stir :ed. During melt-down of fused borax
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powder there may be oxidation by entrapped air, since borax
contains about 4% moisture.

It was statee. previously that Child et al. (26) found the
state of oxidation of the reactive species to be critical.
Optical and X-ray dispersive analysis carried out by them,
on samples taken from baths at different temperatures:
established the temperature/solubility data listed in
Table. 2.5.1. The borax glass contai ,'ledabout 2% V in
solution.

Table.2.S.1. The solubility of carbide forming elements
in borax (26) •

"'Temperature ( C) V% Nb% Cr%
I

900 1.4 - 1.4
950 1.8 3.5 3.6
1000 2.4 - -
1050 2.8 3.9 4.5

t-

Quali~ative chemical analysis revealed that baths were
active whell vanadium was present in the tri-valent state,
ie. as V203• This finding was confirmed by XRD analysis of
residues extracted from baths. Child et al. (26) state that
this result is consistent with the data on the standard
free energy of formation of the two oxides of vanadium. The
lower oxide V203, has a value of -456.1 kJ/mol V compared
to ~·518.8kJ/mol V for V20S' Based on these results, Child
et al.P~ concluded that ferro-alloys do not dissolve as
metals in fused borax, but are first oxidised.

Similar studies (26) using ESR (electron spin resonance) on
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samples from attive Nb-containing baths ruled out Nb20S as
the reactive oxide. The results of these studies also
suggest a lower oxide as the reactive species. This is
again consistent with free energy data, with Nb20J having
a value of -564.8 kJ/mol Nb compared to -669.4 kJ/mol Nb
for Nb20s• As indicated in Table.2.5.1, the solubility of
the carbide forming elements in the borax melt is low.
Achieving maximum concentration (saturation) takes time,
and the rate of dissolution is affected by the following
variables.

(1) Amount of ferro-alloy added ;
(2) Size of powder used i

(3) Bath temperature ;
(4) Agitation;
(5) Prevailing bath conditions - oxidising/reducing.

Another crucial factor determining how active the bath will
be, is the concentration of the active oxide. In this
regard, the graph shown in Figure.2.5.5 was established.
This shows the time taken for 2kg Fe-Nb baths to reach
saturation at different temperatures and concentrations. It
can be seen that the time taken for saturation is about 24
hours. However, a 5% Fe-Nb bath with a 68% Nb content is
insufficient to saturate the bath after the same period.

Child et al. {2ft) also found from XRD studies on undissol ved
particles of ferro-alloy that the iron content of these
particles increa.sed while the reactive element, eg. V,
decreases. Accordingly, they state that dissolution of
reactive element occurs via a selective leaching mechanism.
They also found the iron contents of FeV baths to be as low
as 0.04%, implying that little iron is dissolved in the
bath.

Arai et al. (28)' found that the thickness of layers formed on
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different
vanadium,
equation,

steels
varied

immersed in baths
with dipping time

containing ferro-
according to the

d2 - K. t:

where,
d = layer thickness;
t = time in hours;
K = rate constant.

The rate of layer formation varies with temperature, type
of carbide produced, and, substrate composition
(particularly carbon). Arai et ale (28) also determined the
rate constants K, from the equation above. K varied with
temperature T(Kelvin) according to the equation,

where, Ko - constant;
Q = activation energy;
T = temperature;
R = gas constant.

For vc coatings, it was found that Q varied from 185 - 211
kJ/mol, while for NbC coatings, this value was between 126
- 180 kJ/mol. Q was considered to be the activation energy
for carbon diffusion in the carbide.

'l'herate of layer formation is affected by temperature in
the manner shown by Fiqure.2.5.6. However, this suggests a
linear relationship between thickness and time. By
contrast, some of the graphs presented by Arai (21l) show a
parabolic relationship. The former relation suggests that
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layer formation is controlled by reaction rate in the bath,
whereas the latter relationship implies a diffusion rate
controlled process. Both Arai and child et al.~~ conclude
that an ideally conditioned bath will be diffusion rate
controlled. If the bath is not ideally conditioned, mean i.nq
that if a sufficient amount of reacti ve oxide is not
maintained in the bath so as to provide the bath/layer
interface with a constant supply of the reactive spec;l.~'·'G,
it then becomes reaction rate controlled. The reason fer
this is that the bath wuuld become depleted in reactive
oxide, and the growth of the layer will be limited by the
rate of reaction in the ba~h. The deterioration of baths
with age, when no addition of ferro-alloy is made, is shown
in Tabla. 2.5.2, wh i.ch indicates that an insufficient supply
of reactive species to the bath would limit layer formation
,inthe manner described above .

According to Child et ale (21$), repeated agitation is
essential if full advantage is to be taken of th.e ferro-
alloy in the bath. They also suggest that make ....up additions
be made at regular intervals, with agitation to promote
corrtroLl.ed oxidation, because layer formation is often
reaction rate controlled as described above. They conclude
that the lay~r depth produced is a function of the degree
of oxidation of the bath.

The effect of carbon content on the rate of layer formation
is well illustrated in FigurE~.2.5.7. As expected, the rate
increased with increasing carbon content. Also the effect
of the type of carbide on layer formation rate is shown by
Figure. 2.5.8. It appears frc:..,.nthis that Cr has a slightly
higher rate!of formation than the other carbide types.
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Table.2.5.2. Variation of layer thickness of VC on a
0.4% C steel in a 10% FeV containing bath
for a 4 hour treatment, with the age of
the bath (26) •

Bath Age (Hours) Layer Thickness (J.Lm)

8 13.4

12 12.9

16 10.8
24 9.4

28 5.2

32 No layer

2.5.4. Properties of carbi~ layers and coated materials

Carbide layers formed by the TD process are claimed to be
poxe+f r-ee and dense. Furthermore, the high processing
temperatures employed encourages mutual diffusion of atoms
between the layer and steel substrate, providing such large
bond strengths, that the layer does not exfoliate in severe
service conditions, ego cold forging. Layers formed consist
of carbide only F free from any binder phase (25) •

In addition, these layers scarcely decrease the toughness
of the substrate material. Coated materials are
characterised by an excellent combination of surface
properties inherent in carbides and high strength and
toughness inherent in the substrate material. However, the
residual stresses between substrate and coating may be high
because of the large differences in physical and thermal
properties between carbide and substrate (32) •
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Due to the inherent brittleness of carbides, too thick
coatings are likely to cause ~palling and ernbrittlement
problems. Also, increasing layer thickness did not affect
toughness to a great extent, although it (''.ddecrease the
critical-strain at which microcracks were induced in the
coating(26).

Coatings can be applied practically to all carbon
containing substrate materials namely,

(1) C-containing Co or Ni alloys ;
(2) Graphite;
(3) Carbide coatings ;
(4) Cemented carbide ;
(5) Cast iron ;
(6) Steels, stainless steels, and tool steels.

In cemented carbides, coatings are formed mainly from
carbon dissolved in the binder phase, while in steels the
layers form mainly from carbon in the substrate. Also
interesting is the fact that dissolved carbon reacts more
efficiently than carbon which exists in the base metal as
carbides or graphite (25). With tool steels, the alloy
content affects carbon activity at any carbon level with
the result that the rate of layer formation is affected.

In a test carried out to determine the positional
relationship between the layer formed and the steel
surface (2$) , a platinum-marker was secured to the surface of
a number of steel specimens. These specimens were then
treated in baths containing ferro-V, ferro-Nb or metallic
chromium powder. In the case of' VC and NbC, layers forn, 'i
on the steel suriace, with no layers forming inside the
steel. However, in the bath containing Cr powder, a Cr7C3-

layer was formed on the initial boundary surface, and a
solid solution of Fe-Cr formed above this. This indicated
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that mutual diffusion of Cr and Fe occurred in the boundary
between Cr7C3and s·teel.

Child et al. (26) found that VCand NbCcoats were monophase,
with very little iron content. It was also shown that
duplex layers formed in the case of chromium carbides,
comprised an outer layer of (Fe,Cr),C3 and an inner layer
of (Fe, Cr) 23CG1 with iron content increasing as the
layer/substrate interface is approached. Slight diffusion
of chromium into the steel, as well as intrusions of Cr-
carbide were also found. In the case of Cr-plated steel,
carbide coatings are formed over a Cr-carbide layer
produced f.rom the plated layer. Composite carbide coatings
can be obtained by dipping into baths containing more than
one carbide forming element or in different baths.

Arai et ale performed extensive test.S (25,29,30,32,33) to
determine the properties of coated materials. These results
are discussed below. In many instances, results obtained on
TDtreated specimens were compared to results obtained from
specimens treated by other processes, ego CVD.

2.5.4.1. Hardness

The hardness of these layers varies according to the type
of element added to the bath. VClayers are claimed to have
hardness values ranging between 3000-4000HV. Moreover,
these layers maintain hardness even at fairly high
temperatures. Figure.2.5.9 shows how coating hardness
varies with the type of carbide, and compares the hardness
of these layers with those of other coating processes.
Child et ale (26) evaluated the microhardness (HVO.02) of VC
layers to lie be:::'ween HV2100-2700. They determined the
hardness of the other carbide types to be as follows :-
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Cr23C6 = 1100-1300 HVO. 02;
= 1700-2300 HVO.02;
= 1900-2500 HVO.02.

2.5.4.2. Oxidation resistance

Coated steel specimens were heated in ambient atmosphere
for 40 hours and then cooled. In the range 400-500°C, no
significant change in mass or appearance was noted on
specimens. At 600oe, oxidation was observed on VC and NbC
coated specimens. The Cr-'carbide coated specimens were not
noticeably oxidised even at BOQoC.

2.5.4.3. Toughness

Th.eeffects of these coatings on toughness were determined
using static bending and impact tests. Results from such
tests are displayed in Table.2.5.3. Also listed in
Table.2.5.3, are comparative results obtained on hardened
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Table. 2 .5.3. Effect of carbide coating on toughness (30) •

"

Substrate Impact Rupt.ure
Treatment Hardness Strength Load

Test Conditions (HRc) (J) (kg)

Hardened
1000°C,1/2h 49.7 16.4 -

IMPACT NbC Coated
TEST (61lmthick) 49.8 17.0 -.

VC Coated
( 61lm thick) 49.4 16.2 -

Hardened
STATIC 1000°C,1/2h 48.8 - 1030

BENDING NbC Coated 960
(61lmthick) 50.0 -

specimens. The heat treatment concd t Loris which test
speoLmer.s were subjected to, and, the substrate hardness
are also indicated in the table. As can be seen from these
results, coated specimens did not show a r~duction in the
rupture load or impact strength.

2.5.4.4. Corrosion resistance

Specimens treated by the TD process have shown excellent
corrosion properties in various types of aqueous
solutions (Table. 2.5.4). It was observed, however I that the
kind of substrate material had an effect on the corrosion
resistance of coated specimens, especially in aqueous media.
This is thought to be due to the penetration of acid
through micro-pores in the coatings. It "lasbeen suggested
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Table.2.S.4. Comparison of corrosion resistance of coated
specimens in various aqueous media(Room
t.emperatrune, SO hours) (27).

Uncoated Coated
SOLUTION 304 NbC Cr-Carbide VC

5% NaCI 0 0 0 0-
5% NaOH 0 0 0 0
10% H3P04 0 0 0 0
10% HN03 0 0 0 0
10% H2SO4 X 0 0 0
50% H2SO4 X 0 0 0

10% HCI X 0 0 0
20% HCI X 0 - -
36% HCI X 0 0 0

X Severe corrOSloni
o = No Corrosion;
(-) = Not tested.

that appropriate selection of substrate material or coating
conditions are means of minimising pore formation, thereby
increasing co:~osion resistance.

2.5.4.5. Wear resistance

Tests done by Arai et ale (32) revealed that the wear
resistance of coated specimens varied with variables
such as carbide species or substrate hardness. A compar i.son
of the wear resistance of VC coated specimens against the
wear resistance of ~pecimens treated by other methods, as
obtained in a sliding test against textile fibre, is
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provided in Figure.2.S.10. Tetron or cotton fiber was slid
over specimens at a speed of 6S0m/roin,with the tension in
t.he fiber fixed at SOg. '1''''"'' depth of W'ear scars obtained
for total sliding df.sr anc-,., ,.r~n..reredof up to lOOOkm was
recorded. These wear tests show the superior performanoe of
TD specimens.

The effect of substrate hardness on wea.r resistance of 'I'D
treated steel is evident fr.omFigure.2.5.11, which shows
that TD coated substrate steels with hardness as low as
39.0 HRC failed to show satisfactory wear resistance. As
shown in Figure. 2.5.11, the same substrate material treated
by different methods, was subjected to a wear test d.n which
coated specimens of this material are'used to crush silica
sand, with engine oil being used most probably as
lubricant. The VC coated specimen with a. substrate hardness
of 39.0 ERe showed the poorest wear characteristics. Second
to this was the hardened specimen. Those specimens with
substrate hardness above 39.0 HRC d~splayed little weight
loss. This effect of low substrate hardness is thought to
be due to the inability of the substrate to support the
hard surface layer.

The type of carbide also has significant influence on the
wear r'es.istance of coated specimens. The influence of
carbide species on wear resistance is illustrated in
Figure.2. 5 .12. Specimens of D2 steel were treated by a
number of
tests on
O.S(1.8mm

processes as indicated and used in compression
1010 steel strip. A compression ration of
to O.0mm reduction) was used at a rate of 161

shots/minute. No lubricant was used and the wear depth of
test specimens was evaluated after a set number of shots
had been completed. As indicated by Figure. 2 .5 .12, VC
coated specimens sr"owed the lowest wear depth for a
particular number 01: shots.
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2.5.5. Applications of the TO process

24.0

The applications of this process are numerous and thoae
described here serve merely to give an idea of the range of
applications; and, the improvements in component
performance which can be achieved through it. A list of
applications of the TD proceus with regard to tools and
dies, and the corresponding cost saving and component life
increases which can be obtained, is provided in
Table.2 .5 .5. Component life was increased in almost all the
applications .Listedhere, implying that significant savings
can be made usin~ the TD process. The corresponding "life
in~Lease to cost increase" ratio should also be noted.
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'X'able.2.S.S. Typi.cal life improvements achieved by '.CD
processing of tools and dies (31) •

Life increase
COMPONENT Life increase

Factor Cost increase

Piercing Punch 5 ~ 10 2 - 8

Cold Forging
Punch 5 - 10 2.6 - 5.2

Aluminium D.ie-
Casting Dies 2 - 10 -

.--

Hot F'orging Die 2 - 5 -
E4t.:r=us;LonDie 2 .. 15 -

Plastic Moulding
Die 5 - 10 -

:t"'romthe information presented here it appears that the
potential of coatings produced by the TD process for
various applications - especially those r(.;quiring wear
resistance - is good.
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3. ~XPERIMENTAL PROCEDURES

3.1. Preparation of Experimental Materials

Initial experimental work ..Lmed at producing VC coatings
owing to the greater potential of this coating. It was
nt'",cessarya.tthis stage to perform a series of exploratory
tests, Before such tests could be executed, however, a
number of procedures had to be established. These
procedures are outlined below.

The carbide-forming compounds, ie. ferro-vanadium(FeV) and
vanadium pentoxide(V20s), were reduced to -500~m to render
them more reactive in the bath. The FeV was received in the
f :rm of chunks, and the v20S in the form of flakes. Both
vanadium-containing additives were reduced to powder by
crushing' and pulVerizing. The FeV was much harder than the
V20S and therefore more difficult to crush and pulverise.
Chemical analyses of the FeV and V20S powders are provided
in Table. 3.1 and Table. 3.2 respectively. The vanadd.um-
content of the FeV was high (80.5%) with a low level of Si
and Al impurities. The V20S content of the pentoxide was
high(99.7%) with a low level of impurities. No moisture was
detected in the pentoxide. To obtain comparable results,
both V-containing compounds were utilised in the -500 ~m
size range only. According to Child et al. (26), par-tLe l.e
size influences the rate of dissolution of the carbide-
forming compound in the bath. As far as the borax is
concerned, the anhydrous form of this salt was selected to
ensure that the moisture content of the salt was low.

Aluminium used in the tests was in the form of pieces of
strip which were cut from pure Al(99,9% Al) sheet. Steel
specimens used in these tests were cut from rod (diameter
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Table.3.1. Chemical Analysis of Ferro-Vanadium.

ELEMENT PERCENTAGE

V 80.5

Fe 13.8

Si 1.0

Ai 1.6

C* 0.12

TOTAL 97.02
= ~

* = A~ determined from carbon analysis;

'l'able.3.2. Chemical Analysis of Vanadium Pentoxide.

COMPONENT ~ERCENTAGE

V205 99.70

Fe 0.04

Na20 0.18
_,

Si02 0.01

S 0.003

P 0.003

Moisture --C* 0.015

TOTAL 99.941

* ~ As determined from carbon analysis;
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== 16mm). Mild steel(O.2% C) and EN9 steel(O.5% C) were
treated. Piec8s of average length 15rnmwere cut from these
rods, and holes (diameter = 3.5rrun)drilled .hrough the
centre of each piece for the purpose of suspending the
specimens in the bath. The two end surfaces of these
cylindrical specimens were surface ground and this surface
finish was given to most samples prior to coating. Scale on
the cylindrical surface of the specimens was removed by
turning.

A heat resistant pot of 310 stainless steel was used to
contain the molten salt. The high corrosion and oxidation
resistance of this material made it suitable for the
purpose at hand. The dimensions of this pot were as
follows,

Internal diameter = 100 rom:
Wall thickness = 10 rom;

Depth of pot = 200 rom.

These dimensions allowed for a maximum bath size of 1.5 kg
of borax in granular form. Upon melting, the salt
contracted by about 30% by volume. Induction heating and
resistance heating were available for heating and melting
the salt. Induction heating was used initially and a few
tests were carried out using this mode of heating. However,
resistance heating was finally resorted to due to practical
problems with the induction furnace.

3.1.1. Measurement of.Coating Thickness

Coating thicknesses were measured by use of the optical
system of a microhardness testing machine. Using this
facility, Ie or 15 readings were taken and an average
thickness established. The thickness values quoted in this
work are the average values.
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3.2. Exploratory Test~

As mentioned earlier, a number of exploratory tests were
performed to gain some insight into the conditions under
which poatings could be produced. The conditions of these
exploratory tests in terms of temperature , time, and, bath
composition, etc., are listed in Table.3.3. As can be seen,
the treatment temperatures chosen were intermed.iate to
those listed in the literature (B50-1150°C). Substrate
materials were mild steel and EN9 steel. Mild steel was
used in most of the tests. Treatment times were selected so
as to obtain data on the growth of the VC layer \'dthtime.
It must be stated that the use of the term "bath actLvi.t.y"
refers to the thickness of coating produced on a given
substrate material in a given time period and at a specific
temperature. Thus, a bath producing a thicker VC c()ating
was regarded as having a higher "activity".

Overall, the purpose of these tests was to :-

1) Determine if VC coatings could be produced on steel
specimens treated under conditions similar to those
specified in the literature ;

2) Gain some insight into the factors affecting bath
activity and coating conditions ;

3) Use coated specimens obt.ai.nedfrom these tests to
charact.erLse the nature of ·thecoatings in terms of
microstructure, hardness, and, composition;

4) Perform a detailed study of the process based on the
results of these exploratory tests.
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Table.3.3. Conditions used for Exploratory Tests.

-
BA'L'H BORAX %C IN MODE of

TEST COMPOSITION MASS TEMP. BASE TIME HEATING
No. (% of borax m.ass) (kg) eC) MATERIAL (h) (lIp.) #

1. 20% FeV 1.0 950 0.5 7 R

2. 10% FeV 1.0 950 0.5 3 I
6
9

12

3. 20% V20S 1.5 1000 0.2 12 R
24

4. 20% V20S + 5% Al 1.5 1000 0.2 *5 R
10
15
20 . ....

5. 10% V20S + 5% Al 1.5 1000 0.2 *6 R
18
34
54

6. 10% FeV + 5% Al 1.5 1000 0.2 *6 R
18
34

-

4# I=Induction heating; R=Resistance heating;
* : Time indicates bath life;
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Test numbers 1, 2, and 3, aimed at determining if VC layers
could be produced on specimens which were simply immersed
in baths with compositions as listed in Table.3.3. For this
reason, these baths contained only borax mixed with carbide
-forming compounds, ie. FeV and V20S' Accordipg to Child et
al. (26), VC layers cannot be produced in baths containing
only. V20S as the bath additive. In tests 3, 4, and 5
aluminium was added to the bath. The importance of Al was
realized from the results of previous experiments and this
will be discussed in greater detail in Sections 4 and 5.
Treatment times marked with an asterisk (*) indicate the
life or age of the bath. The period between two successive
times indicates for how long the specimen was immersed in
the bath. For example, in test No.4, four specimens were
treated for 5 hours each. The times indicated in Table.3.3
howevez , are the accumulated times. Thus, the age of the
bath, after the fourth specimen in test No.4 was removed,
was 20 hours. Similarly in test No.5, specimens were
treated for 6, 12, 16, and 20 hours with the age of the
bath being 54 hours at the end of the test.

Test No.4 is a continua.tion of test No.3, where the effect
of 5% Al addition on t.heactivity of a bath containing only
20% V20S was studied. Test numbers 5 and 6 compare the
activities of baths containing 10% V20S (plus 5% AI) and 10%

FeV (plus 5% AI) respectively. Of interest here was the
change in activity of the two baths over a time period(34
hours), and, the rate of layer growth obtained using either
carbide-forming compound.

A significant amount of information was obtained from the
results of these exploratory tests. These results are
provided in Section.4 and discussed in Section.5.
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3.3. Analysis of VC Coated Specimens

Specimens treated in the exploratory tests were used to
characterise the VC layers in terms of microstructure,
hardness, and composition.

3.3.1. Microscopy of VC Coated Specimens

The appearance of the carbide layer was investigated in
cross-section as well as directly on coated samples. To
obtain a cross-sectional view of the VC layer, the coated
cylindrical steel specimens were sectioned longitudinally.
These longitudinal sections were mounted in lucite or
bakelite. The harder bakelite was found to be more
effective in preserving the edges of specimens and hence
the coating during grinding and polishing. Mounted samples
were given a final polish using 11.Lmdiamond paste and
etched in 2% Nital. Specimens were examined by optical and
electron microscopy in both the polished and etched
conditions.

3.3.2. Determin~tion of Coating Hardness

As stated in Section. 2.3.2, evaluating the hardness of thin
coatings is not simple, since hardness Ls influenced by
both the substrate and the loads used. A number of methods
are available for establishing the hardness of thin VC
coating. One method is to perform hardness tests on the
coated sUrface and apply the equations derived for thin
coatings as discussed in Section.2.3. It appears from the
literature(12,13,14)t however, that this method still yields
hardness values which are considerably lower than those
reported for the bulk material.
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2\n alternative meth.od is to perform har.-ctnesstests on the
carbide layer of coated specimens. For this purpose,
samples with relatively thick vc layers have to be used.
Indentations were made midway across the thickness of the
layer (Figure.3.1) . In this way, errors due to the limited
thickness of the coating and possible edge effects were
minimised. Most of thb hardness tests were performed using
this method. Hardness tests were also performed on the
surface of VC coated specimens to establish the coating
hardness. The load used in this method was low to avoid
penetration of the substrate by the indenter. However I the
hardness values obtained may be influenced by the
properties of the substrate even when the indentation does
not penetrate th~ coating. This i£ due to the proximity of
the indentation to the substrate and possible plastic
deformation of the substrate. On average, the thickness of
the coatings varied between 3 and 15~m depending on the
carbon content of the substrate. Nonetheless, some tests
were carried out using this third method in order to
investigate the hardness values obtained by this met.hod..

3.3.3. Determination of Coating Composition

Two techniques were available for the purpose of
establishing the chemical composition of the VC coatings,
namely Energy Dispersive Spectroscopy(EDS), and X-Ray
Diffract:ion(XRD) analyses.

3.3.3.1. EDS of Coated Specimens

The composition of the coatings WeS assessed by both
qualitative and qUdntitative EDS analyses. Qualitative EDS
analyses provided information regarding the major and minor
elements in the coatings and approximate proportions of
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SUBSTRATE VC COATING

Indentation

iJigure.3.1. Pos:i.tion of hardness indentations in
coated specLmens .

these elements. Spot analyses provided information
r~garding the composition of the coating at specific points
on the carbide layer and were carried out at different
points across the thickness of the coating. This was done
in order to establish possible variations in composition
from the substrate to the surface of the coating. This
techni.quecould also provide information on the nature and
extent to which substrate elements had diffused into the
layer.

Quantitative EDS analyses supplied information concerning
the concentration of elements in the carbide la.yer.Area
analyses and line scans were performed in addition to spot
analyses. An area analysis a.llows one to evaluate a
relatively large area of the VC layer. A spot analysis
usually provides informa~ion on the composition of a very
small volume' of material, typically IJ.Lm3•The volume of
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materia.l afft" ted depends on instrument settings and the
density of the material involved. A line scan pnovLdes an
analysis in a straight line along the length of the
coating. The composition obtained from a line analysis is
an average one. Thus, a larger portion of the coating is
analysed than in the case \',f spot analyses, producing a
more representative analysis of the coating. The results
obtained by use of these techniques are prxesent.ed in
Section.4.2.3.1.

3.3.3.2. ~..s:o of Coated Specimens

Samples treated in V20S- and Al-containing baths were
selected for XRD. A number of XRD scans were performed on
these samples using various diffractometer speeds to
optimise the quality of the diffractograms obtained.

3.4. A Detailed study of Baths containing V2Q~ and Al

It was stated previously that a detailed study of the
thermal diffusion proceas would be made on the basis of the
results obtained from explorr )ry tests, as well as, the
results obtained from analyses of coated specimens. The
decision was therefore made to investigate baths containing
only V20S and Al as additives. Apart from the fact that FeV
has a fairly high iron con~ent(80.5% V; 13.8% Fe; 0.12% C)
and a higher density, which causes it to settle to the
bottom of the bath faster than V20S (99.7% V20S; 0.04% Fe;
0.015% C) f little information regarding V20s-containing
baths is to be found in the literature. It is important to
note at this stage that the V20S used in these tests
contained 99.7% V20Sf which constitutes 56,03% V by mass.
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A number of process variables were recognized as those
which could influence both. bath acti.vj.ty and coating
conditions. These variables Lequired investigation under a
variety of conditions in order to ascertain their influence
on the process. To do this, certain parameters were kept
constant throughout experimentation, so that their
influence could be eliminated. In so doing, a better
undarstanding of the effect of these parameters was
acquired. The process parameters which were studied are
listed in Table.3.4.

Table.3.4. Process Parameters Studied.

-PROCESS VARIABLE VALUE

1) Bath Size 1.5 kg
-

2) Bath Composition 10% V20S and 5% Al

3) Treatment Temperature 950 °c -
4) Substrate Carbon Content 0.5% C

,

5) Treatment Times 3, 6, 9, or 12h.
6) Particle Size of V20S -500 !lm

7) Surface Finish of Samples Machine. Ground
8) Specimen Height above 20 to 30 mm

bottom of pot
.. =

It must be stated how~ver, that in certain tests, some of
the parameters listed above were altered. For example, in
the test examining the effect of temperature on bath
activity, a range of temperatures were used rather than
950°C. A description of the experimental procedure used to
study the effect of each par-amet.er is given below. The
objective ~ehind each step is also outlined.

76



3.4.1. Eff.Jot of Temperature on Coating Thicknes_.!.

To study the effect of temperature on the thickness of
coating produced in a given time period, tl;.mperatures of
950, 1000, and 1050°C were employed. A standard bath
composi.t ion (10% V20S and 5% Al) was used and aampl.ei, were
treated for 3, 6, and 9 hours.

3.4.2. Influenoe of Substrate Carbon content on Coating
Thickness

Using at constant bath composition as well as treatment
times, steel samples with carbon contents of 0.2% and 0.5%
C were treated at 950°C. In this way, the influence of
substrate carbon content an the coating thickness could be
determined.

3.4.3. Effect of V2Qs Content on Bath Activity

Three different bat h compositions were prepared by varying
the concentration of V20S in the bath. The concentration of
V20S was 5%, 10%, or 20%, while the amount of aluminium was
kept constant at 5%. The temperatures and treatment times
were kept constant in all three cases. The objective here
was to determine how bath activity changed as the v20S

concentration cha.nged, and, as the concentration of V20S

added approached that of the Al, ie. 5%.

3.4.4. Effect of Aluminium Content on Bath Activit~

In these tests, the V,05 content of the bath was kept
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constant at 10% and the aluminium content was 5%, 10%, or
20%. The three baths were operated at 950°C for 3, 6, or
9h. The aim was to determine the effect of aluminium
content on bath activity.

3.4.5. EffBct of Bath Composition on Coating Thickness
Produced

The effect of bath composition on coating thickness was
investigated using two different baths. One containl'3d20%
\7'205 and 10% Al and the other 2% V20S and 1% Al. Samples
were treated for 3, 6, or 9h at 950°C to ascertain the bath
activity under these conditions. Changes in bath activity
wou Ld be reflected in the coating thickness produced.

3.4.6 Inf1:y!nce of Particle Size of V2P5 on Bath Activit~

The particle size of the reactants in t.hebath was expected
to influence the activity of the bath, since the particle
size seemed likely to have some effect on the kinetics of
the process. This is fairly probable when CIneconsiders the
greater surface area of finer particles and also, the fact
that there is a tendency for larger particles to settle to
the bottom of the bath faster. Three particle size ranges
of \)'205 werle prepared by crushing and pulverising the as-
received V~Os flakes. Four particle size ranges were then
tested unde r the conditions outlined in Tabla. 3.4. These
ranges were: as follows :

Range 1
Range 2
Range 3
Range 4

particle size < 0.5 rom
particle size between 0.5 rom and 4.75 rom;
particle size between 4.75 rom and 9.5 rom;
particle size > 9.5 rom (As-received V20S

flakes) .
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3.4.7. gha.ngEI in Bath Activity with Time

The variation Of the activity of the bath over a fairly
long period of time was investigated by holding baths at
temperature f or 25h and SOh and treating specimens for
periods of 5 hours. For both caths, the first sample was
introduced as soon as the melt reached temperature. At the
end of the first 5 hour period, the first sample was
removed from the melt and the second one introduced
immediately thereafter. In this manner, batches of 5 and 10
specimens were treated - one at a time - over the 25 and 50
hour periods respectively. Apart from the treatment time
used here, all other test conditions were as in 'l:able.3.4.

It was expected that the coating thickness produced on
these samples wouLd provide an indication of the changes in
bath activity with tLme . Such Lnrormat Lon wcul.d be
important in establishing the time availa~le before
reconditioning of the bath became necessary. It was
envisaged that reconditioning would be accomplished by one
of two methods. Firstly, by making small additions of bath
constituents to the deteriorating bath. Secondly, by
mechanical stirring of the deteriorating bath. This will be
discussed in greater detail in Section.5.

3.4.8 Effect of Bath Oepth and Bath Aq~ on Coati:rul,
Thickness Produced

Among the variables recognised as those which may influence
the activity of the bath, and therefore the coating
thickness produced within a given time period, were the age
of the bath and the depth at which samples are :i .cnersed
during treatment . In this regarri.,it was envisaged that the
height of a sample above the bottom of the bath might have
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considerable influence on the thickness of coating produced
given the fact that, the ,!;actantstend to settle to the
bottom - especially those of high density - and, that
oxidation occurs at the surface of the melt. It would seem
from these factors that the thickness of the coating
produced on a sample could vary with the position of the
sample in the bath.

In conjunction with the effect of bath depth, the age of
the bath was also regarded as a variable which could alter
the activity of the bath and thus the coating thickness
produced in a given time period. Arai (25) mentions the
deterioration of FEN-containing baths. Child et al. (2~)

mention the saturat.Lon of ferro-niobium containing baths,
stating that a 5% Fe-Nb wi'th a 68% Nb content is
insufficient t",., saturate the bath in 24h. A 10% Fe-No bath
of ~imilar Nb conteat does, by contrast, saturate the bath
in the same time period and at the same temperature.
However, neither worker makes mention of the use of
aluminium in these baths. In light of the above, it was
presumed that a bath held at temperature for a sp~cific
time period, prior to the immersion of any samples, would
be more active than one held at the same temperature for a
sh~rter time period.

In order to study the effect of bath age and sample depth
below the surface, eight samples 140mm long and 15mm in
diameter were fabricated from EN9 steel rod. Two tests were
carried out in which four samples were immersed vertically
in the bath for 3, 6, 9, and 12 hours in each test. A 316
stainless steel plate(%C < 0,02) was made for holding these
rods upright in the bath as shown in Figure.3.2. The plate
was 98mm in diameter with four 16rnm holes drilled at
intervals of 90°. The holes were drilled at a distance of
14rnmaWdy from the edge of the plate.
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A bath containing 10% V20S and 5% Al was used in both cases
at 950°C. The only difference between the two tests was
that the baths were aged for 8h and 16h respectively, prior
to the immersion of any of the sample rods. After
immersion, the samples were removed from the bath one ~t a
time at 3h intervals. In this way, treatment times of 3, 6,
9, and 12 hours were established.

From the procedure outlined above, it can be seen that the
purpose of this test was two-fold. Firstly, to examine the
effect, if any, of bath depth on the thickness of coating
produced along the length of these rods. Secondly,
different time periods were used to determine if the age of
the bath had a significant effect on its activity. 'rhus,
any settling effects or saturation effects in the case of
the two baths might be established from the coating
thickness produced along the length of the sample rods.

After removal of these rods from the bath, and cleaning,
they were examined macroscopically for any salient
features. Each rod. was then sectioned in the manner
illustrated in Figure.3.3. The sections were mounted and
prepared metallographically in order to evaluate the
average coating thickness on each section. In so doing, the
variation in coating thickness with bath depth could be
evaluated.

3.4.9. influence of Surface Finish on Coating Thickness
Produced

A bath cont::..lning10% V20S and 5% Ai was used at 950°C to
treat EN9 samples with three different surface finishes.
The samples were treated for 8 hours and air-cooled after
treatment. The surface finishes used were as follows.
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1) Diamond polished(l~m);
2) Machine ground - Standard surface finish;
3) Sand blasted(grit size = -0.5mm).

These samples were examined microscopically to assess the
effect of these surface finishes on the microstructure of
the coated steel substrate.

The nine variables discussed in sections 3.4.1 to 3.4.9 are
considered to be the main variables which influence +he
outcome of a particular treatment. The results obtained
from the tests outlined above are presented in Section. 4"2.

3.4.10. Analysis of Baths containing 10% V2Q& and 5%
Aluminium

Samples were taken from melts contalning 10% V20S and 5% Al
and analysed by XRD. These samples had to be crushed and
pulverised into powder to render them more suitable for XRD
analyses. A number of XRD scans were performed on the
samples. The objective of this procedure was to obtain
information regarding the species present in the bath which
would be usefuL in understanding the process mechanisms.

3.5. Corrosion Testing of VC Coated Samples

A number of samples lSmm in diameter and 7mm thick were
prepared specifically for the purpose of evaluatir.q the
corrosion properties of the VC coatings. A list of the
substrate materials used and the treatment conditions these
samples were subjected to is provided by Table.3.5. Dummy
samples were treated with each batch of samples for the
purpose of obtaining an idea of the average coating
thickness obtained on the actual co:trosion samples. These
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~ablo.3.5. Treatment Conditions of Corrosion
Samples.

SUBSTRATE TREATMENT" TREATMENT

MATERIAL TEMPERATURE (OC) TIME (hours)

Mild Steel 950°C 4h
(0.2%C) 6h

EN9 950°C 4h
(0.5%C) 6h

*Samples treated in a 10% V20S and 5% Al
Bath.

cylindrical samples were surface ground on the ends prior
to coating. Six samples of each material in the coated and
uncoated condition were prepared in order to compare the
corrosion behaviour of coated and uncoated substrate. The
object of treating 0.2% C and 0.5% C steels for 4h and 6h
was to obtain VC layers of increasing thickness. It was
thought that this might affect the corrosion behaviour of
coated samples.

After cleaning, one end of each of the coated cylindrical
samples was ground to remove the coating from this surface.
This enabled electrical wire to be soldered to the exposed
metallic surface. with the uncoated samples, this procedure
was not necessary. All samples were checked for electrical
conduction after soldering. The coated and uncoated samples
were then mounted in araldite epoxy resin as illustrated by
Figure. 3.4. To avoid spreading of the reSil'lover the
surface of coated specimens, the samples were mounted face
down onto plate glass on which a layer of vacuum grease had
been smeared. This prevented excessive resin blemishes on
the surface of coated samples. It should be noted that it
was necessary to keep the coated surfaces free of any such
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Figure.3.4. Method of mounting of corrosion
samples.

deposits as the surface could not be ground afterwards. Once
mounted as shown in Figure 3.4, a measured area(O.5 to 1.0
cm/) of the surface of coated and uncoated specimens was
exposed by marking off such an area with Stop Off No.45
lacquer. A shortcoming of this method, however, is that the
interface between the lacquer and the exposed surface tends
to a~t as a crevice.

Such crevicing does have considerable effect on the results
one obtains from corrosion testing{76,77).However, due to the
nature of the vc coated specimens, the method of sample
preparation outlined in ASTM standards G5-78 and G61-78,
which were the standards referred to in this study, could
not be adhered to. Furthermore, these standards are
relevant to cast or wrought materials and not thin
coatings. Therefore, it was decided t.o adopt the above
approach simply to rank the corrosion properties of coated
and uncoated substrate and for evaluating the corrosion
behaviour o~ the VC layers.
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with regard to the corrosion tests, both potentiodynamic
and cyclic polarization measurements were made on coated
and uncoated specimens. These measurements provided an
indication of the susceptibility of a material to uniform
corrosion and localised corrosion respectively. ASTM
standard G5-78 was referred to as far as potentiodynamic
testing was concerned. For the cyclic polarization tests -
also referred to as pitting tests - the standard practice
ASTM G6i-78 was consulted. In both cases, the standards
were adhered to as far as was possible. As mentioned above,
these standards do not apply directly to thin surface
coatings. However, they do allow one to achieve
reproducible results. Alterations made to the standard
practice were as follows,

i) Lacquering of the surface of samples to expose a
measured area of the sample;

ii) The use of UHP(Ultra High Purity) nitrogen gas for
purging the corrosive medium instead of an inert
gas;

iii) The use of graphite auxiliary electrodes instead of
the recommended platinum electrodes.

For potentiodynamic testing, a iN H2S04 solution was used
at 30°C as the corrosive medium, while in the case of
pitting tests a O.6M NaCl solution was used at 25°C. ~hese
solutions were purged with N2 gas for an hour prior to
testing in order to remove oxygen. All sampl.es were
polarised at -900mV for 5 seconds prior to the start of a
scan. Such "conditioning" of samples was done t.o ensure the
removal of any oxide or passive layers which may be present
on the active surface prior to testing. Three coated and
three uncoated samples of either material were tested by
eacn of the two techniques described above. The results are
reported in Section.4.4.
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3.S.1. Micr~)~copyof Corrosion Samp'les

Corrosion samples were examined and electron microscopy
after testing to determine how the VC coated samples had
responded to the corrosive media. The appearance of the
corroded surface of coated specimens after potentiodynamic
and cyclic polarization tests was assessed. Of interest
also were differences in the appearance of coated and
uncoated substrate after tests.

3.6. Treatment of Tool Steels

Possibly one of the most important areas Of application of
VC coatings produced by the thermal diffusion process is on
tool steels. It is primarily for this reason that the
decision was taken to treat a variety of tool steel
substrates. The thickness of VC coatIngs produced on such
steels, many of which have carbon cont.errts in excess of
o .5% C, was of interest. The influence of the carbide layer
on the substrate material was also of interest.

The types of tool steels which were treated are listed
below(l).

1) D2 and D3 High carbon and high chromium
containing steels which can be air or
oil quenched;

2) HI3 and H2I - Hot working steels whet'e HI-HI9
are Cr-based and H2Q-H39 are W-based
steels which can be air. quenched;

3) M2 A Mo-based high speed steel w~'lichcan
be oil quenched.
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These steels were in the annealed condition. As a first
step, samples of the as-received material were cut from the
bulk material and analyzed using spectrometric analyses.
Samples were also prepared for microstructural p:'\<:;.mination.
Qualitative EDS analyses were also performed on these
samples and the hardness of the steels was determined using
a 10kg load.

In the first. treatment done on these tool steels, two
samples of each of the as-received materials were prepared
for coating by grinding the surface. Because the samples
varied in shape and size, each sample was ground on the
flat ends. For example, cylindrical sampLes were ground on
the two ends.

The two samples of each material were treated in a 10% V20S

plus 5% Al bath at 950C.Cfor 3h and 6h respectively, the
aim being to obtain coatings of different thicknesses and
examine the growth of the VC coating with treatment time
for the different steels. The samples treated for 3h were
air cooled after removal from the bath, while the samples
treated for 6h were oil quenched. As indicated earlier,
some of these tool steels harden in air while others can be
oil quenched. Hardness tests were performed on these
samples using a 10kg load to determine to what extent the
tool st~els had hardened, since.the treatment temperature
of 9""O~Cwas. below the austenitizing temperature of all
these steels except for the D3 tool steel (925-1020°C). It
should be noted that these hardness tests were done on the
polished surface of the coated specimens where there was no
VC coating and thus the values obtained represent that of
the substrate material after treat.ment.

It was stated above that the as-received materials were in
the annealed condition. As sut;':h,it was expected that most
of the carbon in the steels would be in the form of
carbides a.nd that the matrix of the steels would be
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ferritic. 'l'hiswas expect ed to retard the growth of the
carbide coating because layer growth requdres diffusion of
carbon through the matrix towards the specimen surface. In
addition, the diffusion of carbon out of the carbides in
the steel would take some time" depending especially on the
treatment temperature used, since the carbides in the
matrix of the steel are stable to fairly high temperatures
(1100-1300°C) (78). At t.empezat.urea below the austenitizing
temperatures of these s.teels this effect was expected to be
more significant.

In order to assess tha extent, if any, of this effect on
the thickness of coating produced in a given time period
and at a specific temperature, two samples of each of the
tool steels were hardened and tempered. The hardening and
tempering conditions used are shown in Table.3.6. By
hardening the steels, the matrix would be transformed to
martensite. As such, the carbon content of the matrix would
be higher than that of the annealed material which was
ferritic, since the solubility of carbon in f.errite is
virtually zero. In this respect, the hardened samples may
form thicker coatings than the annealed specimens under
similar treatment conditions. From each pair of hardened
and tempered samples, one sample was used for microscopic
examination and hardness testing to compare its hardness
and microstructure with that of the as-received material.
The other sample was treated together with a sample of the
as-received material in a 10% V2(Js and 5% Al bath at 950°C
for 3 hours. For reasons which will be discussed in
Section.4.6, the H13 sample was not treated. The samples
were all oil quenched after removal from the bath.

After cleaning, the coating thickness on these specimens
was evaluated to assess if hardening had played a
significant role on the coating thicknesses produced.
Hardness tests(HVIO) were also done on these samples to
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Ta.ble.3.6. Hardening and Tempering Conditions
used for the Tool Steels.

CONDITIONS HARDENING QUENCHING
OF TEMP. ,TIME CONDITIONS

MATERIAL PREHEAT

Temp. Time Temp. Time Quenoh Temp Time
(OC) (ruin) (Oe) (min) Medium eC) (min)

--D2 540 30 1020 20 gas 540 60

D3 540 30 1020 20 gas 540 60

813 540 30 1050 20 gas 540 60

H21 600 30 1050 20 gas 540 60

M2 600 30 1050 20 gas 540 60

determine the extent to which the substrate materials had
hardened. Hardness tests were carried out on the coating in
section to compare the hardness of the coating formed on
tool steels with that formed on plain carbon steel ENg. As
before, the thickest coatings were chosen in order to
obtain indentations of measurable size.

3.6.1. ~oroacopy of VC Coated Tool Steels

VC coated tool steel samples were mounted in Epomat epoxy
resin, which is much harder. than Luc ite or bakelite, and
prepared metallographically for microscopic examination.
The microstructure of the coated substrates was examined to
acquire some understanding of the effect of substrate
microstructure on the formation of the VC layer.
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4. RESULTS

4.1. ~xp19ratory Test~

The results obtained from the exploratory tests are
provided in Table. 4.1 which lists the coating thickness (um)
against the treatment time (hours) and the process
conditions used for each test. From ~able.4.1 it can be
seen that ve coatings can be produced in baths containing
only FeV(Tests No.1 and No.2), whereas no coatings were
formed in baths containing v20S only(Test No.3).

Graphs showing the variation in coating thickness with time
were plotted using t.he results listed in Table. 4.1. The
graph in Figura. 4.1 is a plot.of the results from Test No.2
showing the growth of the ve layer with time on 0.5% e
steel samples treated at 9500e for 3, 6, 9, and 12 hours in
a 10% FeV bath. It can be seen that a coating thickness of
lOjlm, which is regarded as being adequate for practical
purposes (25) , formed within the first six hours. The growth
of the carbide layer with time, in this case, appears to
fOilow a parabolic relationship.

F.igure,,4.2 compares the activities of the baths used in
Tests No.5 and No.6. The two baths respectively contained
10% FeV and 10% V20S and were used to treat 0.2% e steel
samples at lOOOoe for 6h, 12h, and 16h successively. It
should be noted that a 5%(by mass of borax) addition of
aluminium was made to both baths. The activity of the two
baths was found to be similar for treatment times of 5h.
The activity of the FeV-containing bath appeared to become
higher towards the middle of the treatment time. Towards
the end of the test period, the activities of the two types
of bath were practically identical.
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Table.4.1. Results of Exploratory Tests.

BA'lH BORAX % COATING
TEST COMl?OSITION MASS ~L'EMP. CARBON t THICKNESS
No. (% of borax mass) (kg) (°C)I (wt%) (h) (~)

1. 20% FeV 1.0 950 0.5 7 10.0
2. 10% FeV 1.0 950 0.5 3 8.9

6 11. 8
9 12.8
12 13.5

3. 20.9.$V20S 1.5 1000 0.2 12 -
24 -

4. 20.96V20S + 5% Al 1.5 1000 0.2 "'5 -
10 2.4
15 4.3
20 4.6

5. 10% V20S + 5% Al 1.5 1000 0.2 "'6 3.4
18 6.2
34 7.1

- -6. 10% FeV + 5% A.l 1.5 1000 0.2 *6 3.2
18 4.5
34 7.3

* : Time indicates bath age for these tests.
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4.2. Analyses of VC Coated Seecimens

4.2.1. Microstructure of VC Coated Specimens

A number of interesting features were observed as f(";..cas
the microstructure of coated specimens was concerned. As
shown in Table.4.1, 0.2% C and 0,5% C steel specimens were
treated. The micrographs presented in this section provide
an overview of the microstructu:r:al characteristics observed
in these specimens. Attention is drawn to those aspects of
the microstructure which were found to be typical of the VC
coated steel substrates, as well as, any salient features.
The appearance of the vc coating on 0.5% C and 0.2% C steel
substrates is shown in Figures 4.3 and 4.4 respectively.
These samples were air-cooled after treatment at 950°C.

The difference in the microstructure of the two substrate
materials can be easily ddat.i.nquLshed , The micrographs
(Figures 4.3 and 4.4) are typical of the microstructure of
VC coated samples. The uniformity of the carbide layer is
noteworthy. It should be noted that the surfaces of the
substrate materials were machine ground prior to coating.
From these two micrographs it appears that the carbide
layer formed by this process is fully dense. In the 0.5% C
steel, the microstructure below the carbide layer consisted
mainly of large pearlitic grains. In some instances, small
areas of ferrite were found directly beneath the carbide
layer (Figure.4.5) . Below this region, the microstructure
was typical of a 0.5% C steel, ie. large pearlitic grains
surrounded, by a ferritic network (Figure. 4.6. (a)).In the
0.2% C steel, larg'e grains of ferrite were present beneath
the carbide layer. This was also followed by a more normal
structure of mild steel compz asa.nq areas of pearlite
surrounded by grains of ferrite (Figure. 4. 6. (b».
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Fi.gure.4.3. Appearance of VC coated 0.5% C
steel.
Etched nital, 400X.

Figure.4.4. Microstructure of VC coating on
0.2% C steel.
Etched nital, 400X.
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Figure.4.5. Microstructure of VC coated 0.5% C
steel showing areas of ferrite
directly beneath carbide layer.
Etched nital, 3000X.

(ol (b)

Figure.4.6. Microstructure of (a)0.5% C(400X) and
(b)0.2% C(400X) steel towards the core
of treated samples, nital etch.
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Examination of the carbide layer at higher magnifications
using electron microscopy revealed what appeared to be
porosity in the Layer , To confirm that this apparent
porosity was not an etching effect, coated samples were
examined in the as-polished condition. The appearance of
the carbide layer on a 0.5% C steel before etching in nital
is shown in Figure. 4.7. This micrograph cLeazLy shows that
the VC layer contained very little porosity. The appearance
of the morphology of the carbide layer as observed normally
on coated samples is shewn in Figure. 4 .8. One of the
advantages of the carbide coating process used here is that
articles can be through hardened by suitable quenching
a:(ter removal from the bath. In some tests, 0.5% carbon
st.eel samples were quenched in water or oil from the
treatment temperature (950°C). Thereafter, these samples
were examined to determine the extent of hardening. The
microstructure of a VC coated o.S%C steel specimen oil
quenched after treatment is shown in Figure.4.9. One can
see from this figure that 'thesubstrate microstructure
below the carbide layer comprised a fairly coarse
martensitic structure. FUrther in towards the core of the
sample, the microstructure
needles indicating that
hardened.

consisted of coarse martensitic
the sample had been through

4 . 2 .2. Determination of Coating Hardness.

It was stated in Section.3.2 that the hardnesses of these
VC coatings were determined f~om tests done on the cross
section of the carbide layer. Mention was also made of the
fact that the loads used had to be high enough to produce
a measurable indentation and low enough to avoid breakage
of the carbide layer. To give an indication of this,
Figure.4.10 shows how too large a tes~ load caused breakage
of the carbide layer(about lO~m thick in this case). The
large indentation to the left of Figure. 4 .10 was made at a
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Figure.4.7. Appearance of carbide layer on 0.5%
carbon steel before etching in nital.

Figure.4-:d. Morphology of carbide layer on coated
steel surface.

98



Figure.4.9. Microstructure of hardened 0.5% C steel
after coating at 950°C.
Etched nital, lOOOX.

Figure.Ii.10. Appearance of microhardness
indentations made at varying loads on
carbide coating.
Etched nital, 1000X.
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100gf load, while the indentation roughly in the middle of
the layer was made at a load of 50gf. The smaller
indentations visible on the layer, and, on the coating/
substrate interface were made at loads of 10gf and 25gf. It
is clear fronlthis figure that 10gf and 25gf loads could be
used for testing the hardness of a carbide layer about 10Jlm
thick. Using loads of 10gf and 25gf, hardness tests done on
samples with average coating thicknesses between 10 - 111!m
produced the results listed in ~able.4.2.

Table.4.2. Results of Hardness Tests on VC
Layers.

T~STNUMBER ] lWO.25 HVO.1O Average Layer
Thickness (Jlm.)

-
1 2245 2375 10.6 ._
2 2534 2646 11.8
3 2187 2343 10.4
4 2425 2465 11.3

For Test No.4, the individual hardness values were plotted
against indentation number in Figure.4.11 which shows that
little variation in hardness occurred with the loads used.
Furthermore, this variation was consistent and wit:l1in
acceptable limits.

One of the areas of interest, was the variation in hardness
from the surface of the carbide coating to the core of the
substrate material (Figure.4.12) . In this regard, hardness
profiles were determined on twc VC coated O. 5%C steel
samples. The first sample had been air-cooled from a
treatment temperature of 950°C, whereas the second sample
was oil quenched from the sa~e temperature. The average
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layer thicknesses on these samples were about 11.0~m and
10~m respectively. The oil quenched sample showed a
somewhat higher hardness both at the surface and towards
the core (Figure.4.12) .

'rests were carried out to determine the "composite"
hardness of the VC coating, ie. the hardness obtained from
tests performed directly on the VC coated surfaces. It was
mentioned in section.3.3 that hardness values obtained by
this method were likely to be influenced by the substrate
material, thereby resulting in lower hardness values. In
this regardp hardness tests wece carried out on three
different sample types as listed in 'table.4.3.

'l'able.4.3. Samples used for measuring "Composite"
Hardness of.VC Coated Surfaces.

SUBSTI~.TE AVERAGE COATING TREA'l'MENT SUBSTRATE

MATER.1;A\L THICRNESS CONDITIONS HARONESS

0.5% C 12 ~m Air.-Cooled 270HVIO
from 950bC

0.5% C 10 ~m Oil-Quench 600HV10
from 950°C

0.2% C 5~rr Air-Cooled 220HV10
from 950°C

These samples were Jll treated in a bath containing 10% V20S

plua 5% AI. Loads of 300gf, 500gf, and lOOOgf were. used as
these loads gave indentations which were easily measurable.
It must be mentioned that at loads be Low 300gf, the
indentations made were not very clear, thus making accurate
measurement difficult. The average hardness values obtained
usjng this procedure on the three specimens were plotted
against load in Figure. 4 .13 which shows '.OW the me, sured
hardness drops with increasing load. It is clear that the
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hardness measured is influenced by the hardness of the
substrate. The harder the substrate the higher the combined
hardness measured.

4.2.3. Det~rmination of Coating Composition

EDS and XRDanalyses were carried out to determine the
chemical nature of the coating.

4.2.3.1. EnS analyses of Coated ~ecimens

A typical EDS spectrum of the VC coating (taken midway
aCrOSS the thickness of the layer) is illustrated in
Figure. 4 .14 . The high vanadium peak and low iron peak
indicate that the major constituent of the coating was V
while iron was present in apprec:i.able concentration.
Similar spectra were obtained from spot and area analyses
carried out on the surfaces of coated specimens.

Quantitative EDS analyses of coated specimens we;r:ealso
car r Led out to obtain information regarding the
concentrations of the elements present in the coating.
Table.4.4 lists the results of the quantitative EDS
analyses on samples treated in V20s-containing baths. The
type of analyses, ie. spot, area, or line, is also
indicated. It can be seen that the amount of Fe ranged
between 0--5%.

4.2.3.2. XRD of Coated Specimens

The results obtained from XRDscans on VC coat.ed specimens
are presented'in Table.4.5. Experimental results were
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Table.4.4. Results of Quantitative EDS analyses
on samples treated in baths containing
V20S and AI.

SCAN TYPE OF PER.CENTAGE of ELEMEiq':C.
NUMBER. SCAN V Fe 'l'otal

1. spot 96.19 3.81 100.00

2. area 95.42 4.58 100.00

3. line 96.85 3.15 100.00

4. spot 99.04 0.96 100.00

5. area 95.81 4.19 100.00

Table.4.S. XRD Data of VC Coated Specimens.

veO•S8 VC(14%C) _:J
Powder File Diffraction Powder File Diffract~icm

Peak Dat.a Data No.1 Data Data No.2
No. d I/Im d RPR d I/Im d RPR

1. 2.401 80 2.40 85 2.40 100 2.404 100
2.39 75 2.40 80

2. 2.079 100 2.077 100 2.07 100 2.08 90
2.071 90 2.073 80

3. 1.472 80 1.474 25 1.47 50 1.475 20

1.469 30 1.471 30

d ~ Interplanar spacing; I/Im = Relative Peak
Intensity; R.Pll ~ Relative Peak Height.
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compared with results from the powder diffraction file. Two
types of vanadium carbide were listed in the file, namely
VCo•ss and VC (14% C). The experimental data listed in
Table. 4.5 were derived from two separate XRD scans. The
first scan(No.l) was obtained with a 0.2% C steel sample
with an average coating thickness of 5~m. Scan No.2 was
obtained with the same sample at a slower scanning speed.
This specimen was treated in a 1096 V20S and 5% Al bath. As
shown, the experimental peaks correlate well with those
listed in the diffraction file. Only the major diffraction
peaks are listed here for convenience. A full listing of
experimental data obtained is provided in the AppendilC .A.l
which is a sample list of experimental data obtained on VC
coated samples, For reference purposes, the relevant
parameters and diffractometer settings used during soans
are inoluded in the list. The major peaks in the list are
highlighted in bold print. It is also evident from the data
in 'l'abJ.e.4.S that the carbide formed on the specimens wa§
very similar crystallographically to VCo•ae and VC (14% C)
despite its significant iron content. It would seem also
that the orystallographic differences between VCo•ss and
VC(14% C) are small and would require sophisticated
techniques to study these.

Figure.4.15 is a typical diffraotogram of the vc coated
specimen. The dashed lines under each peak oorrespond to
the position of major peaks according to t.he powder
diffraction file. This also shows good correlation between
the experimental and established data indicating that the
coatings were crystallographically similar to vanadium
carbide.
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4 .3. A Detailed study of Baths J.&:.ontaiB.,.;nq..Y2Q.s and
Aluminium

The reasons for deciding to study baths containing only V20S

and Al were touched upon in Section. 3.4. It was also
pointed out that a number Q,f pr oces.s va rdab l es were
controlled in order to iso·lat.e the effects which different
variables, for example t.emper at.ur.e and bath composition,
may have on coating conditions. The utcome of each of the
steps taken in this regard is presented in the relevant
sections below.

4.3.1. Effect of Temperature on Coating Thickness

The effect of the three temperatures t.est.ed is shown in
Fiqure.4.16 where it can be seen ~hat the thickest coatings
were produced at the highest temp' , uze . The difference in
coa·ting thickness between the tb curves was more marked
initially. However, by the end of a 9 hour period this
difference was reduceo.

~.3.2. Influence of Subs~rate Carbon Content on Coating
Thickness

As expected, the higher carbon substrate formed a thicker
coating in a given time period (Figul:e." .17) . The difference
in coating thickness between the two steels became more
marked towards the end of the test period.

4.3.3 Efff~ct of V2QS content on Bath Acti.vity

In this case, the V205 content of three separate baths was
varied by 5, 10, and 20%, lATh,ilethe amount of a l.umi.ni.un, was
kept constant 'at 5%. )"J:';'!'~:11J;J';'~;,,;,~ :H~summarises the results of
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Figure.4.18. Effect of %V20S on the thickness of
coatings produced at 950°C and 3, 6,
or 9h of treatment.

these tests. As ca., be seen, the activity of the bath
containing 5% V20S was slightly higher than that of the 10%
V20S bath initially. At the 9 hour period, the activity of
the 10% bath had risen above the level of the 5% bath. It
is interesting to note that in the case of the 20% V20S

containing bath, no coating was formed in the first six
hours of treatment.

4.3.4. Effect of Aluminium Content on Bath Activity

The results obtained by varying the concentration of
aluminium while keeping the amount of VzOs constant are
shown in Figure.4.19. Initially, the bath with the 10% Al
content eXhibited a higher activity than the bath
containing 5% AI. After abo.....t 8h, the t.wobaths appeared to
reach similar'activities, but by the end of the 9h period,
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950°C for 3, 6, 9h of treatment.

the activity of the bath containing 5% Al was appreciably
higher than that of the bath contai.ning 10% AI.

4.3.5. Effect of Bath Composition on Coating, Thickness

Changing the concentration of reactants while maintaining
their ratio in the bath constant had the effect shown in
Fiqure.4.20. Overall, the bath with the highest amount of
additives had the highest activLty whereas no layer wa~~
formed in the bath with the lowest concentration of
reactants. The activities of the baths containlng 20% V20S

plus 1096 Al and 10% V20S plUS 5% Al were similar at the end
of the 9h test period. It appears from these result.s that
a minimum concentration of V20S plus Al must be exceeded for
a coating to form.
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4.3.6. Influence of Particle Size of V295 on Bath
Activity

As stated in Section.3.4.6, the particle size of the
re~ctants was expected to have an influence an the activity
,.)f the bath. Figure. 4.2l is a plot of the results obtained
'On the four particle size ranges tested. As can be seen,
the :t:inest particle size produced the highest bath
activity. The two intermediate sizes gave similar growth
rates, which were lower than that obtained with the finest
size. Using the V20S in the as-received condition, ie. as
flakes, produced no coating in the first 3 hours.

4.3.7 Change in Bath Activity with Time

The LnfLuerice of bath age on bath activity is shown in
Figur£\.4.22. It can be seen that the activity rose ra.pidly
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during the first 10h of bath life. Thereafter, it remained
reasonably constant and appeared to decline after about
25h.

4.3.8. Effect of Bath Depth and Bath Age on Coating
Thickness l?rodl~ced

The coating thicknesses measured at different points along
the length of the coated 0.5% C steel rods were plotted
against distance from the bottom of the bath. The curves in
Figure.4.23 show the variation in coating thickness with
bath depth for rods 'treated in the baths aged for 8h and
1611.It can be seen that there appears to be some variation
in coating thickness with bath depth for the baths aged for
8h and 16h. Towards the bottom half of these baths, the
coating thicknesses produced were simila with the 16h bath
appearing to have slightly higher activity than the 8h
bath. 'rowardsthe top hal f, however, rods t reatied'in the 8h
bath produced significantly thicker coatings especially
those treated for 9h and 12h. It should be noted that the
rod treated for 12h in the 16h bath had oxidised at the
90rnrnlevel. The average depth of the melts varied between
90-100mm.

In order to ~ssess the differences between the 8h acd 16h
baths in greater detail, t.hecoating thickness produced at
distances of 30rnrn,50mm, and 70rnrnabove the bath bottom on
rods treated in either bath was plotted against tr0atment
time in lrigura.4.24. For treatment times of up to 6h, the
activities of the two baths were similar. For treatment
time of 12h the bath aged for 8h was definitely hig!.,..r.
Based on this result, it was decided to compare the coating
thickness produrt=d on samples immersed at the "standard"
level (about 30hLffifrom the bottom) with that pr.oduced em
rods tr£ated in the 8h and 16h bath(Figure.4.25} at the
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sa~e level for treatment times of 3, 6, and 9 hours. It can
be seen that the 16h bath was most; active during the first
6h of treatment after which the "standard" bath which had
aged the least (about 2 hours) pz i or to the immersion of
samples became the most active.

It must be noted at this stage that under normal
conditions, the bath was kept at temperature for a period
of 1.5 - 2.5. hours prior to the immersion of s.amples.
Samples were only immersed in the bath once the colour of
the borax melt had changed from black to green. A period of
1.5 - 2.5 hours, with little variation, was found to be
sufficient for a freshly made bath to achieve the required
greenish colour. Baths which were not of "standardlt

composition, 1e. containing 10% V20S and 5% Al, were kept
at temperature for 2.5 hours on average prior to the
immersion of any samples in order to compare the activity
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of such baths with the "standard« bath.

4.3.8.1. Macrosoopic ~pearance of Coated Rods

Examination ,»fthe coated rods after cleaning revealed a
couple of noteworthy fea1':ures.Firstly I the exteht of
oxidation which took place at the top of the melt is clear
from th~ appearance of the rods (Figure.4.26) . One can see
the increase in the length of the oxidised portion with
increased immersion time. Among the salient features noted
on the treated rods was that of aluminium droplets which
became attached to a number of the rods during. treatment.
The appearance of aluminium on these rods is shown in
Figure.4.27.

4.3.9. Influence of Surface Finish

Macroscopic examination of the VC coated 0.5% C steel
samples which had been given three different surface
finishes revealed little difference in the appeara:nce of
the samples, except that the sand blasted sample was
rougher. Microscopic examination provided further evidence
of this (Figure. 4.28. (a) - (0». It can be seen from
Figure.4.28 that the roughness of the interface between the
coating and the substrate increased from the diamond
polished to the ground to the sand blasted surfaces as
might have been expected. A nvteworthy feature from this
micrograph is that the surface roughness of the sand
blasted surface was reduced by the carbide layer in
contrast to the diamond polished surface where it appeared
to increase slightly. This was due to the tendency of the
carbide layer to grow faster at surface irregularities and
in so doing smooth the surface progressively.

118



IAbove salt ~evel

Figure. ,4.26. Appearance of sample rods after
cleaning.

Figure.4.27. Appearance of aluminium attached to
treated rod.
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(a)

(1))

(c)

Nature of carbide layer on
(a)Diamond polished (b)Ground
(c)Sand Blasted Surfaces.
Etched nital, 400X.
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4.3.10. Analyses of Baths containing 10% ~95 and 5%
Aluminium

The experimental data from XRDanalyses on pulverised glass
samples taken from baths containing 10% V2QS plus 5%Al were
compared to data listed in the powder diffraction file. The
experimental data correlated well with the file data for
V20J as shown in Table. 4 . 6 which compares the data obtained
from two scans. Only the major peaks are listed in
Table.o4. 6. A t.ypd cn.L diffractogram acqu Lred from XRD
analyses of bath samples is shown in Fiqure.4.29. The high
background radiation was due to the glassy borax in the
sample.

300
0 0 0 0

~ ~ '" 0....... ..:;:.~ Q'l ID al250 ..0 <"II ..+
ni ~ tf .-jA

0 1.11..~ "" '208
.......~ "'".t ~ to.. Ulc-.V) ...

~.z
~ 19 pi...
'2 ..j

H
I~

'~J.~-r---o---~--,---·.---·~~~---tIe~~--~--~---±
ANCI.e.

Figure.4.29. Typical diffractogram of bath
sample.
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Table.4.6. XRD Data of Bath Sample.

V203

Powder File Diffraction Diffraction
Peak Data Data 1 Da.ta. 2

No. d I/1m d RPB c! :aPR

1. 3.65 60 3.62 70 3.66 70

2. 2.70 80 2.69 90 2.71 100

3. 2.47 60 2.46 70 2.48 50

4. 2.18 20 2.18 30 2'.18 15

5. 1.83 25 1.84 25 1.83 20

6. 1.69 100 1.69 100 1.69 1O0-
7. 1.43 30 1.41 35 1.438 13

1.432 18

d = Interplanar Spacing;
1/lm. = Relative Peak Intensity;
RPR = Relative Peak Height.

It Ls evident that good correlation existed between
established and the experimental data. A sample of the full
listing of the XRD data obtained from bath samples is shown
in the Appendi~.A.2. The major peaks are highlighted in
bold print.
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4.4. Corrosion Test Results of VC Coated Specimens

The types of samples pre~ared for corrosion testing were
described in Table. 3.5. From the dummy samples treated with
these samples, the average coating thickness for the four
sample types was evaluated. The coating thicknesses on
these samples were also estimated using Fiqure.4.17. These
results are listed in Table.4.7 where it can be seen that
the estimated and measured values correspond fairly well.

Table.4.7. Measured and Estimated Coating
Thicknesses of Corrosion Samples.

SUBSTRATE ESTIMATED MEASURED Standard
MA'l'ERIAL Thickness Thickness Devia.tion

( J.Un) (J.!m)
-

0.2% C (4h) 2 - 3 3.7 0.20
0.2% C(6h) 3 - 4 4.9 0.21
0.5% C(4h) 6 6.5 0.14
0.5% C (6h) 8 9.1 0.39

As stated in Section.3.5, three coated and three uncoated
samples of mild steel(O.2% C) and EN9(0.5% C) steel were
subjected to pot.ent.Lodynamd,cand cyclic polarization tests.
Typical scans obtai.ned from potentiodynamic testing of mild
steel and ENg steel samples are reproduced in Figure.4.30
and Figure.4.31 respectively.

Figure.4.30 and Figure. 4.31 compare the corrosion behaviour
of the coated substrate with that of the uncoated substrate
as indicated in the figures. For both mild steel and EN9
steel, it can be seen that the coated substrate responded
quite differently to the test conditions than the uncoated
substrate. Above Ecorr, which is the corrosion potential

123



~
w
•

(.)..
(.f)

fIj

>
>

I-' E
N '-"
J::,

....J
<I......
t-
Z
W
t-
o
0...

1000

Ecorr

500

o

Mild Sleel- [UNCOATED]
VC COATED· [3.7um]
VC COATED ..[4. gum)

"
"

-

- .

..",,'.....",'".........-... '"",'",,,
...,
I

IN H2S04
N2 Pursed
T = 30°C

... .. .....

"

10-1 100 101 102 103 104 lOS 106

CURRENT DENSITY(uA/cmA2)
Figura.4.30. Typical potentiodynamic curves for mild

steel samples.



,_..
w..
u
•

(f)

U)

>
>

I-' E
I\)

\,J
111

....J
<I-..
I-
Z
W
t-
o
c,

1000

Ecorr
-500

500

o
,,,
\

.'000~~~"Slu'w'''LI_.'~'~!~II~II~,I~!~,UI~'UWJ~J~'_'~I~IUp!w"I_~!~'~IIWUWIl1~~!~I~llUIWill~I~I~!~'~II~ll~ll_~!~IUI~!~IJw

ENg - [UNCOATED]
VC
VC

COATED - [6.SumJ
COATED - [9 ..1umJ

IN H2S04
N2 Purged
T = 30°C

"
"

I,

100 101

CURRENT
102 103 104

DENS I T YCuAI cm;'"'2 j

Figure.4.31. Typical potentiodynatnic curves for ENg
steel samples.



(the potential to which the system would stabilize after a
certain time period if no current was passed through it),
the current density of vC coated samples increased rapidly
up to icrit, the critical current. Beyond icrit, the
current density decreased slightly and thenyaried little
with a large increase in potential indicati~'g that these
samples had passivated and thus little or no corrosion of
the samples was occurring. Above about 500 mV, the current
density increased rapidly again. By contrast, the uncoated
samples showed a large increase in current density over a
similar potential range indicating that the samples
underwent extensive corrosion.

Relevant corrosion data was extracted from each
potentiodynamic scan and compiled in Table.4.8. The data
extracted was as follows(79,eo).

1) EC01~ - The corrosion potential which is the potential
of the system in the absence of an impressed current. A
more negative Ecorr signifies that the metal or alloy is
le3S resi3tant to corrosion in that nystem.

2) Icorr - The corrosion current density at Ecorr.

3) CorrosiQn Rate(C.R.) - The corz-osi.onrate in mpy(one mpy
= 25.4 !..lmper year) is one of the more significant
var i.ab.le .:~ indicating the amount of dissolution which a
materi~l undergoes in a particular system within a year.
1he larger this value the greater the loss of material.

4) Ec£~t and Icrit - The critical potential, and, critical
current density which indicate the point at which
passivation is initiated. Non-passivati.ng materials do not
display Ecrit and Icrit;

5) Passive Range - The potential range over which the
sample effectively shows passivation. The larger this
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Tabla.4.8. List of Potentiodynamic Test Results

-."Ej Eeorr Ie~:>rr To Ierit Eerit Passive
No. (mV) (uA/cm2~ I '(mpYl (ILA/cm2) (mV) Range (mV)

-
M41. -442.3 31.4 8.61 1 217.6 -363 998 .,-
M42 ~448.1 17.1 3.89 1 146.7 -344 900

M43 -439.8 6.7 1.52 1 225.7 -323 956
, o.

M6:! -431.8 6.4 1..45 1 91.1. -326 1112

M62 -456.5 22.4 5.08 1 86.7 -357 956

M53 -42.2.2 9.7 2.20 1 63.6 -315 922
," ~~t..,_

MSl -520.4 536.0 247.8 1 - - -....,
MS2 -519.2 819.6 379,,0 1 - - -'_
MS3 -523.1 1022 ,a72.5 1 - - -
E4l -421.1 11.9 2.69 0.99 160.5 -319 918,._
E42 -424.7 10.4 2.37 0.99 290.0 -306 914-.
E43 -413.4 12.9 :;::-,-94 1 158.5 -318 916

~- '~.'

E61 -423.8 14.5 3.30 1 190.0 -327 937
"

E62 -404.5 10.4 2.37 0.99 54.7 -300 850
1----

E63 ..·389.6 4.8 1.09 1 19.7 -218 758
.

ENl -540.6 921.4 397.0 1 - - -
EN2 -536.8 887.6 356.4 1 - - -
EN3 -526.1 1022 472.5 0.99 .- - -

r = Correlation coefficient for linear polarization;
Eeorr = Corrosion Potential; Ieorr = Corrosion Current;
C.R.
mpy
Ierit

- Corrosion Rate;
= milli-inches per year;
= Critical Current Density; Eerit = Critical Potential;

MS4/6 = Hild steel samplell treated for 4h or 6h;
E4/6 = EN9 steel sampl~s treated for 4h or 6h;
~m/EN= Uncoated Mild'steel or EN9 steel samples.
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range, the more corrosion resistant the material over a
larger potential range implying that corrosion of the
material is more unlikely to occur within a given system.
Non-passivating materials do not display a passive range.

Icorr, Ecrit, and Icrit do not provide much information
about the corrosion resistance of a material. However, the
consistency of these values from one test to the next is an
indication of the reproducibility of the t~.Jstresults. The
potentiodynamic data from Table.4.8 was then averaged, The
average values are presented in Table.4.9.

Table.4.9. Average potentiodynamic Test Data.

SUBSTRATE Ecorr Icorr C.R. Passive
MATERIAL (mV) (J.lA/cm2

) (mpy) Ranqe(mV)

MS4 -443.4 18.42 4.67 951.3
MS6 -436.8 12.80 2.91 996.7
MS -520.9 694.00 301.2 -
E4 '-419.7 11.73 2.67 916.0
E6 -405.9 9.90 2.25 848.3
ENS -534.5 943.67 408.6 -

C.R. =
mpy =
MS4/6 ;;::

E4/6 =

Ecorr = Corrosion Potential;
Corrosion Rate;
milli-inches per year;
Mild steel samples treated for 4h or 6h;
EN9 steel samples treated for 4h or 6h.
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The data presented in 'l'able. 4.8 show that fairly consistent
results were obtained for each group of samples, From the
average values in 'l'able.4.a it is clear that the corrosion
rates of the coatee substrate(2 to 5 mpy) were far lower
than those for the uncoated material (200-400 ropy). Also,
the VC coated samples all displayed considerable passive
ranges (800-900 m\-). There was also a sigr'lificantincrease
in the values of Ecorr (-400 to -460 mV) for the coated
samples compared to the uncoated samples (-500 to -550 mV)
in this system.

Cyclic polarization (pitting) scans obtained with mild steel
and EN9 steel specimens are shown in Figure. 4 .32 and
Figure.4.33 respectively. Cyclic polarization tests also
revealed that th~ behaviour of the VC coated substrate was
significantly different to that of the uncoated base
material. This is evident from Figure.4.32 and Fiqure.4.33
which compare the pitting behaviour of the two substrates.
In both cases, the VC coated steel substrate displayed
passivation similar to that observed, in potentiodynamic
tests whereas the uncoated material showed a uniform
corrosion behaviour.

For the coated sampl.es, the current density remained fairly
constant till Ep, the pitting potential (which indicates the
potential at which pitting is initiated), after which point
it increased quite rapidly. The higher Ep, the greater the
resistance of a material to pit initiation in a specific
system. Upon rev~rsal of the pitting scans at about 5000
~/cm2, it can be seen that the current density decreased
almost on the same path along which it had increased. At
Epp, the protection potential (the potential at which pits
that have formed repassivate), the reverse scan intersects
the forward scan. The closer Epp is to Ep the more likely
it is that pits which have formed will repassivate thereby
preventing the continuation of pitting.
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Tnus it appears that the coated samples were able to
repassivate pits which had formed on the surface. It should
be noted also, that the coated samples also showed a large
passive range before pitting was initiated at Ep. As with
the potentiodynamic data, the cyclic polarization curve
obtained from each sample was used to extract relevant
corrosion data. In this case, the values of interest were
as follows (79,80) •

1) ECorr and Icorr;

2) ~ - The pitting potential which is the pot.ential at
wh:i,-;1-1 pitting is initiated. The higher this vaLue the more
resistant a mate~ial is to pitting attack within a specific
system.

3) lEE. - The protection potential which denotes the
potential at whi~h pits repassivate. In this respect, it is
clear that the closer this potential is to Epit, the
greater the likelihood of pit repassivation.

3) Pasaive Ranae Similar t.o that evaluated flom
potentiodynamic testing, except that: the test conditions
used here were different. A large passive range in this
case signifies a decrease in the chances of pit initiation.

The pittinq test data are listed in Table.4.10 where it can
be seen that the results obtained for each group of
specimens are quite consistent. Table.4.11 lists the
average values calculated from Table.4.10. It is evident
from the average values that the coated samples had large
~assive ranges. The uncoated specimens did not display any
significant corrosion behaviour since plain carbon steels
are not susceptible to localized corrosion.
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Table. 4 .10. I,ist of Cyclic Polarization Test Results

SPEC. Ecorr Ioorr Ep Passive
No. I (mV) (1JA/cm2

) (mV) Range (mv)

M41 -535 0.34 390 801

M42 -575 1.55 414 833

M43 -535 0.50 421 785,
'I...-

N61 -479 0.34 406 737

M62 -513 0.47 436 729

M63 -472 0.14 397 755-
W'- -732 0.39 - -
E41 -510 0.55 483 781

E42 -449 0.84 440 837

E43 -457 0.24 420 709

E61 -533 0.13 416 833

E62 -480 0.29 421 793

E63 -.515 0.37 442 729

EN3 -759 1.20 - -._
Ep = Pitting potential;
M4/6 ::;Mild steel samples treated for 4h or 6h;
E4/6 = EN9 steel samples treated for 4h or 6h;
MS/EN ::;Uncoated mild steel or EN9 steel samples.
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Table.4.11. AV'E;';rageResults from Pitting Tests.

SUBSTRATE Ecorr Ep Pa.ssive
MATERIAL (mV) (mV) Range (mV)

F=~.
MS4 -548.3 408.3 806.3

MS6 -488.0 413.0 740.3

MS -73.2 - -

E4 -472.0 447.7 775.7

E6 -509.3 426.3 785.0

EN9 -759 - -

The average corrosion rates for coated and uncoated samples
were plotted against the sample type in Figure. 4 .34. The
remarkable reduction in corrosion rate of VC coated samples
is clear from this figure.

4.4.1. Appearance of Corrosion Surfaces

Electron microscopy of corroded samples highlighted several
important points regarding the response of the VC coated
specimens to the corrosive media. The appearance of the
corroded surface of a VC coated steel sample after
potentiodyna.mic testing is shown in Figure.4.35. The
appearance of a coated specimen after a pitting test is
shown in Figure.4.36. It must be pointed out that little
difference was found between the appearance of coated mild
steel or EN9 ~teel samples after either potentiodynamic or
cyclic polarization tests. The photomicrographs presen..:ed
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Figure.4.34. Comparison of corrosion rates of coated
and uncoated substrate.

(a) (b)

Figure.4.35. Nature of (a)lacquer/sample interface and
(b) general surface corrosion of coated steel
sample' after potentiodynamic test.
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(a) (b)

Figure.4.3 . Nature of (a)Lacquer/sarnple interface and
(b) General surface corrc>sion of coated steel
sample after pitting test.

The photomicrographs presented here give an overview of the
corroded surfaces observed. In both Figure . .e. 35. (a) and
Figure. 4.36. (a) , the lacquer /samp.le interface can be seen.
These figures show that penetrat:Lon by the corrosive media
occurred between the lacquer/ sample interface, more so in
the case of the potentiodynamic test sample. As mentioned
previ.ousLy I such penetration usually promotes the
occurrence of crevicing at the lacquer/sample interface.
Some NaCI crystals are evident on the surface of the
specimen in Figure.4.36. (a) .

Figure.4. 35. (b) and Figure. 4.36. (:b) indicate the difference
between the two types of corrosion surfaces more clearly.
It is clear from these micrographs that the coating had
undergone complete dissolution in the potentiodynamic test
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samples. By contrast, the VC coating still remained intact
on pitting test samples. A str~king feature in the case of
the potentiodynamic test sample were the grooves on the
corrosion surface running parallel to each other. These
grooves are the marks caused by grinding of the specimen
surface pr Lor to coating. This contrasts with the
appearance of the pitted surface which still had the
coating intact. Comparing these two corrosion surfaces wit.h
that of the uncoated steel subat rat,e which is shown in
Figure.4. 37, there was a subst.i.:.r:!tialdifference. As can be
seen, the uncoated steel substrate had undergone severe
corrosion in both potentiodynamic and pitting tests.

(a) (:t-)

Figure.4.37. Extensive corrosion of uncoated steel substrate:
(a) Lacquer/sample interface (b) General surface
corrosion.
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4.5. Treatment of Tool Steels

The composition of the tool steels in the as-received
condition is shown in Table.4.12. For comparison purposes,
the nominal composition of these steels is also listed in
Table.4.12. The hardness of the as-received materials is
shown in Table.4.13. It can be seen that the composition of
the as-received materials compared well with their nominal
compositions. The carbon content of the D3 tool steel was
however markedly lower than the nominal value. It is Clear
from these values that the materials v'are in the annealed
condition. Further evidence of the initial condition of the
tool steels is given by their microstructures as shown in
the Appendix.A.3. These consisi.:edof alloy carbides in a
matrix of ferrite, hence the very low hardness. The
orientation of the eutectic carbides particles indicated
that the bulk materials had been worked. This was also
evident from the ca.vities associated with coarse eutectic
carbide particles in the D2 and D3 steels.

In the first test, two samples of each tool steel were
treated for 3h and 6h respectively in a 10% V20S plus 5% Al
bath at 950°C. The average coating thickness on these
samples was evaluated and is plotted against treatment time
in Figure. 4.38 . Included in Figure. 4 .38 are the carbon
contents of the various tool steels. The coatings produced
on the D2 and D3 steels which had the highest carbon
contents were the thickest. As expected, thinner coatings
were formed on samples of the H series of steels apparently
due to their Lowez carbon contents. Tr..acoating thickness
on the M2 steel was surprisingly low despite the high
carbon content (1.04%) of this steel.

To determine how substrate carbon content had influenced
coating thickness, the average coating thickness was
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Table.4.12. Composition of Tool steels.

TOOLST£EL

EL. D2 D3 H13 B21 M2

N S N S N 8 N S N 8

C 1..5 1.46 2.25 1. 69 0.3 0.37 0.3 0.41 0.8 1.04
to
1.5

C;r 12 14.05 12 15.05 5.0 5.60 3.5 3.04 4.3 4.56

Mo 1.0 1.).70 - 0.18 1.5 1.23 - 0.2Z 3-9 1.23

Hi - 0.37 - 0.'3 - 0.38 - 0.22 - 0.34

M.,.,. - 0.34 - 0.27 - 0.45 - 0.37 - 0.37

81 - 0.62 - 0.47 - 1.27 - 0.42 - 0.68

V - NA - NA 1.0 NA - NA 1-3 NAe
w - NA - ~"-~ - NA 9 l~A 1-7 HA

Co - NA - NA - NA - NA 5-12 NA
EL. - Element; N - Nom~nal Compos~t~on;
S = Spark analyses; NA = Not analysed.

Table. 4 .13. Hardness of P...s-Received Tool Steels.

MATERIAL I AVERAGE HAl\DNESS (UV10)

D2 247

D3 224

H13 220
-

H21 226

M2 249
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plotted against carbon content (Figure.4.39) . The two lines
shown correspond to the two treatment times, ie. 3h and 6h.
Included in Figure.4.39 are the thickness values obtained
on the 0.2% C and O.~% C steels under similar treatment
conditions. This graph clearly shows an increase in coating
thickness with carbon content.

In the second treatment done on the tool steels, both
annealed, and; hardened and tempered samples were coated to
compare the coating thicknesses produced on either sample
type. The microstructures of the hardened and tempered tool
steels are shown in the micrographs of Appendix.A.3. The
structure of all the heat treated steels consisted of alloy
carbides in a tempered martensite matrix, except that of
the H13 steel which appeared to have been inadequately
hardened. The hardnesses of the tool steels in this
condition are shown in Table.4.14 from which it can be seen
that all the steels except the H13 steel had been
adequately hardened and tempered. The hardness of the H13
steel had increased only slightly ~~~ve its initial
value (Table.4.13) . This steel was not coated.

Table.4.14. Hardness of Hardened and Tempered
Tool Steels.

,

MATERIAL AVERAGE HARDNESS (BV10)

"

D2 629
D3 590
H13 294
H2j_ 433

. M2 563
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Figure.4.38. Coating thickness produced on tool
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Evaluation of the coating' t.hdcknes ses on the annealed, and,
haroened and tempered samples, which were treated for 3h at
950°C in a 10%V20S and 5%Al bath produced the bar graph
shown in Figure.4.40. It can be seen that the difference in
coating thickness between anne eLed and hardened and
tempered samples was similar for the four steels coated.

~--------~~--!~~------.-----.--------------------~Coating Thickne$s (umj
12

~. ANNEALED IZZlHARDENED l TEMPERED

10 9.5
~

8.1 ~
7.8 ~1.e
~ ~
~ ~
~ ~
~ ~ 5.5 5.4
~ ~

r:

~~ ~
~~ ~ ~t4 ~

~ ~ 3.2 ~; ~
~ ~ ~ ~~ ~ ~ ~
~

~ ~ ~~
~ ~ ~ ~

1--11 ~ ~ ~

02 03 H21 M2

8

8

2

o

Substrate Material
Figure. 4 ,40. Comparison of ave raqe coating

thicknesses produced on annealed and
heat treated sub:strate treated for 3h
at 950°C.

As pointed out pr ev LousLy, the core hardness of the VC
coated toolsteel samples was measured in order to assess
the extent to which these samples had har-dened, since these
samples were oil quenched or air-col')led after removal from
the bath. The hardnesses of t.hese samples :Lnthe unt.emper ed
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Table.4.1S. Core hardness of oil~quenched or a:i.r-
cooled VC Coated Samples.

~3INITIAL TREA~t'MEN'l' QUENCHING AVERAGE
CONDITION TIME· MEDIUM :aAP.DNESS

(hours) (HV1O)

D2 AR 3 air 705
AR 6 oil 699
.AR 3 oil 690
HT 3 oil 729

D3 AR 3 air 850
AR 6 oil 862
AR 3 oil 770
HT 3 oil ~ 746

H13 AR 3 air 525
AR 6 oil 548
AR 3 oil 500
HT 3 oil 483.

H21 AR 3 air '416
AR 6 oil 457
AR 3 oil 493
HT 3 oil 479

~12 AR 3 air 690
AR 6 oil 694
AR 3 oil 644
HT 3 oil 642- ,,,,,",,

* All samples treated in a 10% V20S and 5% Ai
bath at 950°C; AR = As-Received;
B,T= Hardened and Tempered.
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condition are presented in 'l"able.4.1S. As can be seen, all
the steels had hardened considerably although the treatment
temperature used was 950°C, which is below the
austenitizing temperature of all the tool steels except
that of the D3 steel which is in the range 920-980°C. It is
interesting to note therefore that the D3 steel had
achieved the greatest hardness in all the cases shown. This
was probably due to the relatively low dtability of the
carbides in this steel. Second to this was the D2 steel
followed hy the M2 steel and the H series steels. The
hardness of the last three steels was low considering the
fact that these values corresponded to the hardness of the
untempered samples. This vlill be discussed in greater
detail in Section.5.6.

The results of hardness tests on the cross section of the
VC coating are presented in Table. 4.16. The D2 and D3
steels were used for the cross-s~ctional tests since the
thickest VC layers were produced on these [=:teels.Because
of the average thickness of the coating on the 03 steel,
ie. 19.8 um, hardness tests could be done at loads of 50 gf
as well without damaging the layer.

Table.4.16. Hardness of VC Coatings on Tool steels.

Average Layer
Thickr1ess(Jlm)

15.302 283:4 2639 -
3105 2520 2046 19.803
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4.5.1. Mic~ostructure of VCCoated Tool Steels

The micrographs in Figures". 41. (a) - (8) show the appearance
of the VC layer on the D2, D3, H13, H21, and, M2 tool
steels respectively. These micrographs illustrate the
uniformity of the VC coating which can be achieved with
this process. In addition, the coating appears to be dense
in all cases. The roughness of those surfaces which were
not ground prior to coating appeared to b~ reduced by the
VC coating (Figure. 4.41. (d) ). The difference in coating
thickness shown in these micrographs is also quite marked.

The microstructure of tl:1esubstrate below the carbide layer
varied for the dif.fer~nt tool steels. The VC coated D2 and
D3 steels both contained large alloy carbides in the matrix
below the VC layer. The directional orientation of the
carbides, as pointed out earlier, was quite evident. There
was no evidence of decarburization below the VC coating in
either steel. The Hl3 and B21 substrates which contain tiny
carbide precipitates not easily seen at the
magnifications used here - had decarburized directly below
the carbide layer (Fiqure. 4.41. (0) and (c1»). This
decarburized zone(light area) consisted mainly of ferrite
grains. Below the decarburized zone the microstructure
comprised tiny carbide precipitates in what seemed to be a
martensitic matrix. The VC coated M2 steel showed little
evidence of decarburization with small spherical carbide
precipitates visible in the matrix.

The salient microstructural features observed with respect
to the coated samples are presented below. The formation of
the carbide layer around the corner of a D2 steel is shown
in Figure. 4.42. (a). The appearance of the inside of a VC
coated 3mm hole which was drilled through a .3 steel sample
is shown in Fi'gure. 4.42, (0) . 'rheuniformity and continuity
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(a)

(0)

Figure.4.4 .
(a) D2[400X] (b) D3[lOOOX] (c) H13(400X]

(d) H21 [lOOOX) (e) H2 [400X]. Etched nital.
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(a)

(b)

(0)

Appearance of VC coat a)round
corner[200X] (b)inside a hole[200X]
(c)on D2 tool steel (lOOOX] .
Etched nital.
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of the Vc coating is clear. Fiqure.4.42. (c) highlights an
interesting feature with respect to the way the coating
grows. It appears from this figure that carbides at the
surface of the substrate material tend to be "consumed" by
the growing carbide layer. This is probably the reason why
there is no apparent decat:burization of steels containing
eutectic carbide particles.
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4.6. Problem Areas and Solutions

4.6.1. Method of Immersion of Samples in the Melt

Among the various experimental problems encountered, one of
the first was the method by which samples are suspended in
the borax melt. As discussed in Section 4.1, it was found
that oxidation occurred in molten borax baths, especially
those containing no aluminium. Samples immersed in such
baths showed weight loss consistent witi:~oxidation effects
after removal from the bath as shown in Figure.4.43. From
Figure. 4..26 it could be seen that oxidation occurs to a
large extent at the surface of the melt. The suspension of
samples in the borax melt by means of wire proved
ineffective since the wires oxidised at the melt/air
interface causing them to break off.

A variety of steel wires were tried with no success. The
use of monel wire or kanthal wire whi.chhave high oxidation
resistance also proved ineffective. To overcome ~his
problem, a frame(Figure.4.44) was made from 316 stainless
steel. This frame was then submerged below the surface of
the melt thereby avoiding the oxidation effects which occur
at the surface. Samples could be hung with wire on the
frame and the entire frame then submerged. Using this
technique, ordinary mild steel wire could be used to
suspend samples in t.he bath w'ithout any oxidation takin9'
place since the entire workpiece was placed below the
surface of the melt.

An exception to this method had to be made in tests where
samples were removed one at a time at set time intervals.
In this case, each sample was hung on a 316 stainless steel
rod. The rods '(diameter = 6mm) were then supported by means
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,

Figure.4.44. Immersion of samples using a
frame.
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of a cross bar made of the same ma.terial. Samples could
then be removed individually as required. However, after a
number of tests new rods had to be used as the old rods
oxidised excessively in the region of the melt/air
interface.

4.6.2. Cleaning of Samples after TrQatment

One of the problems encountered with treating articles
using salt bath processes is the cleaning of samples ~'fter
treatment. This arises mainly because of the salt wnich
remains attached to treated articles. As such, an
appropriate cleaning procedure is required. J:nthe case of
samples treated in mo-Lt.enborax baths, quite a large amount
of salt can remain attached to treated articles. This is
illustrated in Figure. 4.45. (a). However I articles treated
by this process can be easily cleaned (Figure. 4.45. (:0) ) .
This is achieved by immersing the treated article in
boiling water to dissolve adhering borax. An immersion time
of about half an hour was adequate. Thereafter, the article
is rinsed in cold water to wash off any residue and dried.

4.6.3. Cleaning of Steel Pots used for Baths

As was the case with cLeani.nq treated samples, the
stainless steel pots which were used as baths also had to
be cleaned. Although a few pots were made, each pot had to
b8 used a number of times since these P?ts were expensive
to fabricate. For this reason, the pots had to be cleaned
properly after each test. This was done by heating the old
melt and dumping the molten borax into a steel bin. After:::'
the pot cooled down over a period of a few hours, the salt
which remained attached to the inside of the container had
to be removed. This was done by filling the metal pot with
water and boi"ling.
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(a) (b)

Figure.4.45. Appearance of treated samples (a) before
(b) after cleaning.

The boiling procedure had to be repeated 2-3 times
depending' on the amount of salt remaining. Any remaining
salt was removed by lightly grinding the inside surface of
the pot. Oxide scale which formed above the Leve l, of salt
in the bath, due to the high oxygen potential, t.endedto be
a problem also. Grinding helped to remove some of this.
Overall, the above procedure took a day to complete, but
nonetheless rendered the pot fit for another melt.

4.6.4. Formation of Degenerate Carbide Layers

In the exploratory stages of this work, FeV was also used
as one of the carbide-forming compounds added to the bath.
It was found that samples treated in baths containing FeV
only, produced what appeared to be a "two phase" coating in
some cases. The microstructure of such a "two phase"
coating is shown in Figure.4.46. It was not certain whether
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Figure.4.46. Appearance of "two phase" layer.

this layer was a carbide layer. To confirm this,
qualitative and quantitative EDS analyses were performed on
such layers. Spot analyses were done on the two areas of
the layer, namely the light areas and the surrounding
darker area to assess the difference in composition of the
two areas. A typical spot analysis of the light area in the
layer is shown in Figure.4.47. The high Fe peak and lower
V peak in this spectrum indicated that the light area was
11e -rich. By contrast, spot analyses of the darker region
surrounding these light patches produced the spectrum shown
in Figure.4.48 which indicates that the V content of this
region was higher.

Quantitative EDS analyses done on such a "two phase" layer
at tbe top, middle, and bottom of the layer, as well as in
the substrate just below the carbide layer produced the
results listed in Table,4.17. These results also show that
the proportion of Fe in the "two phase" layers was
excessively high. Compared to the Fe contents of carbide
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Taole.4.11. Quantitative EDS of "Two phase" Layer
from Surface to Substrate.

A1'OM:ICPERCENT
;:.

ELEMENT TOP MIDDLE BOTTOM SUBS.

V 92.47 68.60 76.60 2.93
Fe 7.53 31.40 22.69 96.16
Si - - 0.71 0.42
Mn - - - 0.49

'-_

TOTAL 100.00 100.00 100.00 100.00
-

layers produced a,nV20S plus Al baths (Section. 4.2.3), these
proportions were excessively high. 'fhe reason for the
formation of such layers was uncertain, but possible
reasons are discussed in Section.5.6. However, it must be
pointed out that these dtwo phase" layers were found to
occur only on ~amples treated in baths containing FeV. In
some cases, samples treated in FeV plus Al baths also
produced a two phase layer, but less frequently. In this
case, there seemed to be less of the Fe rich phase present.
The problem appeared to be related to the use of FeV as the
bath additive. This was one of the main reasons that the
decision was made to perform a detailed study of V20S

containing baths.

4.6.5. Spalling of Coated Sampl~~

Another problem encount.ered was that of the spalling of the
vanadium carbide layer on some coated samples. The
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observation was made that the surface of coated
became patchy soon aft:er removal from the bath.
illustrated in Figure.4.49. The lighter areas

samples
This is
on the

surface of the sample are the patches refE!rred to here.
Upon closer examination, it became evident that these
patches wez-e in fact areas where the carbide layer had
spalled off. Electron microscopy provided further evidence
that the carbide layer was spalling. Spalled samples were
examined both on the surface and in cross-section to
investigate the nature of this spallin9.A number of
photomicrographs are presented which provide some idea of
the nature and extent of the spalling.

The surface of a spalled sample is shown in Figure. 4.50
which illustrates how the carbide layer spalled off.
Fiqure.4.51 and Figure.4.52 are cross-sectional views of
samples which displayed spalling indicating that the extent
to which the carbide layer had broken off from the
substrate varied, ie. the layer may be partiall:/ or
completely detached from the substrate. Cracks propagating
in the plane of the sample surface may initiate from the
surface of the carbide layer, or, from the coating/
substrate interface. Figure.4.S3 is a close up view of a
spalled area showing what appears to be cleavage planes
(Area 1) within the spalled area. The appearance of this
area compared to the smooth sllrface(Area 2) of the
carbide layer suggests that spa Ll.Lnqoccurred by a brittle
fracture mechanism.

Spalling was probably due to residual str<:!ss in the coating
possibly due to differential contraction between the
coating and substrate during cooling. Spalling occurred
frequently on samples wh.Lch were air-cooled after
treatment. To overcome this problem samples were quenched
after treatment and it was found that this alleviated the
problem. This may be of significant benefit as far as
coating and hardening of components are concerned. However,
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Figure. 4.49. Patchy appearance of spall'e-d--'
sample [lOX] .

Fig~re.4.50. Spalling of carbide layer.
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Figure. '11.51,. Cross-sectional view of spalling
carbide layer typifying varying
extent to which spalling occurred.

Figure.4.52. Cross-sectional view of spalled
carbide layer.
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Figure.4.53. Close-up view of spalled area
displaying apparent brittle fracture
surface.

4 . 6 . 6. Quench Crac:king__Q.fTreated Samples

Although quenching of treated specimens appeared to
alleviate spalling, in many cases this caused cracking of
specimens. A typical quench cracked sample is shown in
Figure.4.54. The extent of such cracking can be seen to be
the bath temp~rature may have to be regulated in order to
bring treated components to their correct quenching
temperature.quite severe. Cracks were found to initiate
more easily from areas of high stress concentration, namely
drilled holes and rough machined edges. Poor surface
preparation of samples, especially at the edges also
contributed to this problem. A detailed view of the crack
which extended through the carbide layer is shown in
Figure.4.55. Quenching samples in oil, instead of water,
decreased the occurrence of quench cracking as expected.
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Figure.4.54. Appearance of quench cracked
specimen [8X] .

Fiqure.4.5S. Extension of quench crack though
carbide layer.
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From this it is clear that the appropriate quenchant and
quench t.emper-atrures have to be selected when treating
articles. The problem of cracking is expected to be
minimised with coat.ed alloy or tool steels which do not
require severe quenching for hardening.

4.6.1. staining of Coated Samples

A more serious problem experienced was the appearance of
black patches on the surface of coated samples which
occurred quite often on treated samples. Dark IIstainsU on
the surface of a sample are shown in ~iqure.4.56.
"Staining" diminished the aesthetic appeal of coated
specimens. Microscopy was carried out on s~mples to
establish the nature of the "stains".

The appearance of a st.aLned area at higher magnification is
shown in ~igure.4.57. Qualitative EDS analyses was also
done on these areas producing the spectra such as the one
shown in Figure.4.58 which shows a high V peak typical of
that obtained with the VC coating. From Figure.4.57 and
Figure. 4 . 58 it seems that these dark areas were in fact
areas where the vanadium carbide layer had grown with a
different morphology or orientation. The morphology of the
"stained" area is shown in greater detail in Fiqure.4.59.
Comparing this morphology to that observed normally
(Figure.4.8), it can be seen that the carbide layer grew in
cubic form or as lathes in the "stained" area.

The reason for the formation of these "stained" areas was
not clear, although it seemed that these "stains" occurred
more freql'ent.lyon t.he edges of samples than on any other
areas. Possible reasons for the formation of these "stain~"
will be discussed in Section.5.6.

161



Figure.4.56. "Stained" area of coated sample.

Figure.4.57. Morphology of carbide layer in
"stained" areas.
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Figure.4.59. Detailed view of morphology of
"stained" area.
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4.6.8. Hoi-sture in Borax

One of the less critical problems experienced was that of
moisture in the borax. Using the hydrated form of the
borax (Na2B40p lOH20) it was found firstly, that the bath
took longer(3-5 hours) to achieve the green colour which
indicates that the bath is active. secondly, the mass of
borax weighed out had to be adjusted sir-=e about 40% of
this mass comprised water which contributed to the measured
weight. Upon melting this borax the level of the melt
dropped to about a quarter of its initial value because the
water component of the borax vaporised. Under these
conditions, the level of t.he melt was too low to treat
samples in the bath. It sho~ld be noted also that borax is
hydroscopic and can exist in pentahydrate ( .5H20) or
decahydrate form.
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5. DISCUSSION

5.1. Choosing between F~V and V20S in the bath

It was mentioned in Section.3.1 that in the as-received
form, the FeV chunks were much harder to crush and
pulverise than the V20S flakes. This was one of the reasons
for deciding to study V20S containing baths in detail.
Furthermore, the amount of carbon in the FeV(0.12% C -
Table.3.1) was quite high compared to that in the V20S

(0.015% C - Table.3.2). It was thought that this carbon
could produce side reactions with other bath constituents.
Of particular concern was the possibility that the carbon
would react with Fe or V to form complex carbides in the
melt. In so d0ing, the activity of the bath was likely t~
be affected.

The presence of Si(l%) and Al(1.6%) in the FeV could be
regarded as beneficial since both of these elements are
excellent deoxidising agents which could help prevent
excessive oxidising conditions in the bath. Another
noteworthy fact was the higher percentage of V (80.5%) in
the ferro-alloy compaz.rd to the p :;~;toxide(99.7% V20Sl which
contained 56.4% V by mass suggesting that the ferro-alloy
would be a more lucrative bath additive. However, the FeV
did contain a larger amount of Fe(13.8%) a.nda fairly high
percentage of unknown components (about 3%) unlike the
V20s(0.04% Fe; 0.059% unknown). Besides, the use of FeV did
pose particular problems as discussed in Section.4.6.4.

5.2. EXB1oratory Tests

From Table. 4 .1, it can be seen that coat:i.ngscould be
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produced in baths containing borax and FeV only. By
contrast, no coatings were formed in baths containing borax
and V20S only. This suggested that the addition of FeV t.o
the bath was sufficient to produce VC coatings in ambient
atmosphere. However, it must be mentioned that in most
cases, specimens treated in FeV baths did not d~splay a
coat.Lnq. Instead, many of these specimens showed weight
loss after removal from the bath(Section.4.6). This weight
loss was attributed to oxidation effects occurring in the
bath.

From exploratory work, it appear.ed that under certa1n
circumstances, reducing conditions could exist in baths
containing only borax and FeV. In the general case however,
oxidising conditions seemed to prevail in such baths under
ambient conditions. This appears to have been related to
the size of the bath. Child et ala (26) pointed out that
oxidation is very likely to occur in small baths
(Section.2.5.3). It is interesting to note therefore that
the largest bath in use (as at 1984) in Japan was 700Ir4'11in
diameter and 150rnrndeep. It appears therefore that the
oxidation observed in this study was due to the limited
zize of the bath(1.5kg of borax). Much of the early work
patented by Arai (26) was done in small graphite crucibles
and this probably prevented excessive oxidation. Child et
al. (26,. also state that baths heate(~ under strongly
oxidising conditions, eg. a gas-fired furnace, did not
produce coatings. It seems therefore that the prevailing
bath condition, ie. ox.Lddsi.nqZreducLnq is critical to the
formation of coatings.

It became obvious from exploratory work that bath
conditions had to he well-controlled in order to achieve
the conditions necessar~ for producing coatings. Attempts
at maintaining a bl.anket;of argon over the surface of FeV
con+:aining melts tv reduce excessive oxidation proved
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unsuccessful. By contrast, Child et ale (26) claim that, vc
coatings formed satisfactorily on carbon steels using the
same approach. The reason f'or this discrepancy is not
certain.

The finding that no coatings formed On steels treated in
baths containing borax and V20l• was consistent with the
findings of other workers (26). As shown, the addition of 5%
Al to the bath in Test No. 3 (Tit',~le. 4.1) rendered the bath
active after about 10 hours (Test No.4). The fapt that this
bath contained V20S suggests that the Al acted as a reducing
agent. This would confirm the claims by Arai (26) .t.hat; V20S-
containing baths require reducing agents to produce carbide
Layer s . This can be substantiated by referring to the
diagram in Figure. 2.5.3 whi<"!hshows that the free energy of
formation of A1203 is much more negative tJ;>;;.nthat of B203

or V20S' It can therefore be expected that oxides of B or
V will be reduced in the presence of Al in a borax bath. It
is worth noting at the same time that the free energy of
oxide formation of other carbide-forming eLemerrts , ie. Cr,
Nb, Ta or Ti(in decreasing order), are also more positive
t.han that of AI. This may imply that ox.Ides of these
elements could .also be reduced in the presence of. Al and
thereby produce carbide layers. However, it should also be
noted that the free energies of formation of the oxides of
Cr, Nb, Ta and Ti are similar to that of B203• It was
poil'lted out in Section.2.5.3 (Figure.2.5.3), elements with
free energies of oxide formation which are more m~gati'tTe
than B2031 ega Ti, tend to form a mi~ed layer of boride and
carbide.

The acti vi ties of the FEN and V20S baths as compared Ln
Figura.4.2 were similar. A noteworthy featur.e of thi$ ~rt'aph
is that the addition of Al to the PeV bath rendered this
bath active in a short t.i.me period. The growth rate of the
carbide layer- i~ both baths, and, in the bath used in Test
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No.2 (Figure. 4 .1) followed a parabolic relati:mship However,
it has been shown from subsequent results that layer growth
appears to follow a linear relationship" Both Arai and
Child at al. (26) have presented similarly conflicting
results(Section.2.5.3). They state that a parabolic growth
pattern indicates that layer growth is controlled by the
diffusion rate of carbon through the substrate and the
existing carbide layer. A linear relationship points to
reaction rate controlled growth where the growth of the
carbide layer is limited by the rate at which reactions
occur in the bath. Thus, layer growth is controlled by the
supply of active species to the surface of the existing
carbide ~ayer. On this basis, an ideally conditioned bath
is diffusion rate controlled since the supply of active
species to the steel surface would not be the limiting
factor. Both workers claim that many baths are reaction
rate controlled given the fact that the baths age with
time, thereby becoming less active. In this respect, the
age of the bath, its composition and homogeneity, as well
as operating temperature, can all be expect-ed to influence
the growth of the carbide layer.

It is interesting to note from Test No.4 (Ta.ble.4.1) that
the bath remained active for a 20 hour period, producing a
layer 4.6 ~m thick on a 0.2% C steel specimen in 5 hours.
Al was effective both in generating active conditions in
the bath and maintaining this activity for a fairly long
time period.

From the results of these preliminary tests, it was clear
that bath conditions had to be accurately controlled, and,
that Al was su~,-able as a reducing agent. For this reason,
Al was included as a bath additive in subsequent studies.
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5.3. Analyses of VCCoated Specim~

5.3.1. Microstructure of VC Coated Specimens

From the photomicrographs in Section.4.2.1, it can be seen
that the VC coatings were uniform. Examination of the
polished layer (Fiqure. 4.7) revealed that the VC layers were
fully dense. '1'henature of the coating/substrate interface
indicated that the layer grew from the substrate
reproducing the surface on which it formed. Given these
characteristics, one could expect these coatings to have
excellent adhesion properties.

The presence of large ferrite grains be Low the layer in the
0.2% C(Figure.'L4) steel was consistent with the formation
of the layer and the original microstructure of the steel.
The diffusion of carbon from the substrate to form the
surface layer depleted thE'substrate of carbon and reslllted
in transformation to ferrite during cooling. Further. in
towards the core of this steel, the ferrite grains were
finer and the amount of pearlite greater (Figure.4.6. (b» .

With the 0.5% C steel the substrate below the coating
comprised mainly large pearlitic grains (Fiqure.4.3). In
some cases, small areas of ferrite were found beneath the
iTC layer (Figure.4.5) suggesting that decarburizatio.n hAd
occurred in these areas.

The extent of hardening shown indicated by Figure.4.9 and
Fi\1Ure.4 .10 is encouraging as it suggests that hardening of
coated steels could be aChieved easily. The large pearlitic
areas observed in the 0.5% C steel are the result of grain
growth ar'Lsi.nq from the long treatment t.imes used, ie. 3h
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to 9h. Such coarsening of the microstructure would be
detrimental to the toughness and impact strength of the
steel. This is discussed in greater detail in Section.5.6.

5.3.2. Hardness of VC Coating~

It was shown in Figure. 4.10 that loads in excess of lOgf
and 25gf caused breakage of the carbide layer or produced
indentations which were larger than the coating thickness.
Hardness values obtained with the lOgf and 2Sgf loads
ranged between 2000 and 3000HV which compared well with
values quoted by other workers (25,26) f or, values quoted in
literature for the bulk material <". It should be noted that
values quoted here are averages and that in some cases
values in excess of 3000HV were measured. As a measure of
consistency, Figure.4.11 showed that there was little
variation obtained with the the two loads used. In most
cases, higher values were recorded using the lower load as
one would expect. Variations in the thickness of the
coating in different areas were probably the reason fo:r;any
large variations in measured values.

The hardness profiles of the coated air-cooled and oil-
quenched 0.5% C steel substrates (Figure,4.12) showed that
the hardened sample was harder throughout. The slightly
higher hardness of the coating en the hardened substrate is
interesting to note and suggests that quenching has a
beneficial effect on the hardness of the coating. It may
also be that the harder substrate affects the hardness
obtained. Nonetheless, as expected, the hardness dropped
dramatically once the coating thickness was exceeded unlike
carburised or nitrided components where the hardness
usually varies more gradually with distance. The
"composite" hardness values measured (Figure. 4 .13) were
higher for the harder substrates but similar coating

170



thicknesses as might have been expected. For all three
cases shown, there was a characteristic drop in hardness
when the load was increased from 300gf to 500gf indicating
that with the increase in load there was a significant
increase in the contribution of the substrate to the
measured hardness.

5.3.3. Composition of Carbide Coatings

Results obtained from EDSanalyses showed in all cases that
the coating contained small amounts of Fe (0 to 5% -
Table.4.4). This is in good agreement with the claims of
Child et. al. (26) and Arai (25). The presence of Fe in the
layer might have been expected given that the layer grows
by a diffusion mechanism. Since the treatment temperature
used in most cases,. ie. 950°C, was well above the
austenitizing temperature of the EN9 steel and the mild
steel substrates, the presence of Fe in concentrations as
high as 5% may be expected. Although Fe is atomically
slightly larger than V, at the high process temperatures
used, say 950°C, the diffusion of Fe in+ 1\..' the layer may be
expected t.o be significant. The diffudion of Fe would
nonetheless be limited dll€! to the fact that Fe diffuses
subst~tutionally.

Confirmation that the coatings produced were of VC was
provided by XRDanalyses of coated samples as shown in
Table.4.5 and Figure. 4 .15. The experimental data correlated
well t>lith the indexed data for VCO,88 and VC(14% C). Given
these results, and the results of EDS analyses, it may be
concluded that the composition of these coatings varies
non-stoichiometrically from substrate to surface. Overall,
these results indicate that the layers are VC with small
amounts of Fe in the layers.
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5.4. A Oetailed study of Baths containing ~QsM and Al

5.4.1. Effect of ~emperature and Carbon Content on
Coating Thickness

Among the first variables investigated were those of
temperature (Figure.4.16) and substrate carbon content
(Figure.4 .17) . An increase in either of these two variables
increased coating thickness. AS pointed out earlier, the
probable reason for. this behaviour was the dependence of
diffusion rate on temperature and concentration.

For the higher temperature curves (1000°C and l0500C) i it can
be seen that the initial growth rate is much higher than
that of the 950°C bath. Specimens treated for 9h however
showed similar coating thicknesses. It would seem that the
thick coatings produced in a short time period in the
hip"her temperature baths lengthen the diffusion path of C
through the carbide Layez ~j"ldtherefore reduce the layer
growth rate. In the case of th~ 0.2% C steel(Figure.4.21)
the growth rate levels off probably due to carbon depletion
of the substrate, an increase in diffusion distance, and a
decrease in the concentration gradient.

5.4.2. Effects of Bath Composition

From the results shown graphically in Figures 4.18, 4.19,
and 4.20, which relate to bath composition, it can be seen
that Al had a pronounced effect on bath activity. This was
especially so in the first 8 or 9 hours of bath life. In
all three cases, the bath with the highest amount of Al had
the highest activity. The 2096 V20S plus 5% Al bath became
active only after about 6 hours, whereas the 2% V20S and 1%
Al bath remained inactive over the 9h test period. !t seems
therefore t.hat; the proportions of V20S and Al in the bath
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have to be such that there is suffb;:iEmt pentoxide to
saturate the bath and enough Al to effectively reduce the
pentoxide. Baths containing 10% V10S plus,5% Al appeared
to give good results in this regard.

The reducing effect of Al appears to take place qu.Lt.e
rapidly. It is important to note in this respect that Child
et al. (:1:6) mention that a 10%FeV bath, containing no AI,
achieved activity after about 8 hours at a temperature of
1040°C. Also, the size of the FeV powder used here was -100
mesh (about -160~m). They also found in this particular
case that the amount of V in the bath was approximately
1.7% whicl'. d".3 below the saturation level of roughly 2.8%
in borax at lOSO°C(see Table.2.5.2).

From the abov~ discussion it.:. is clear that Al ~ccelerat.es
the rate at which the bath becomes active. This is also
supported r.'y t.ne fact that the V20S and Al baths used ...ere
heated for ",lt 1.5 to 2.5 hours before treating samples
therein. indicates that an active bath not
necessarily saturated with the active species - could be
achieved within an hour of meltdown. Another noteworthy
feature in. Figures 4.18 to 4.20 is that the growth of the
VC layer followed a parabolic relati.onship in most cases.
As discussed previously, this indicates diffusion rate
controlled growth. From the experimental graphs shown up to
this stage, and from results discussed at a later stage, it
'wJll be seen that growth of the coating mostly followed a
parabolic behaviour. Essentially, this would suggest that
most of these baths were ideally conditioned. This could be
attributed to t.he relatively small size of the baths (1. Skg
borax) . Furthermore, the bath constituents were mixed quite
intimately prior to meltdown which could have made the melt
more homogeneous. Also, the relatively fine particle size (-
SOOllm) probably influenced bath activity as shown in
Figure.4.21.
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5.4.3. Influence of Particle Size of V2Q5 on Bath
Activity

The particle size of the pent oxide used in the bath had
considerable influence on the bath activity (Fiqure.4.21) .
The lower activity of the bath containing larger particles
was attributed to kinetic and sedimentation effects. Larger
particles take longer to react with bath constituents due
to their smaller ratio of surface area to volume. In
addition, larger particles settle to the bottom much
faster. A fine particle size would be more effective in
producing a layer of the required thickness in a practical
time period.

OIleof the questions raised by the results of this test is
what would be the effect of mechanical stirring on the bath
activity containing a certain particle size. Stirring of
the bath would probably raise its activity by improving
contact between bath constituents and avoiding settling to
the bottom. In this regard, Child et al. (26) state that
stirring of the bath promotes oxidation particularly at the
melt/air interface. At the same time they point out that
frequent agitatiori of FeV baths is essential to keep the
bath active. In this study f baths were agitated by hand
using a carbon steel rod about half an hour prior to the
immersion of any samples to Lmprove the homogeneity of the
melt. This however, is not considered to be as effective as
mechanical stirring.

5.4.4. Change in Bath Activity with Time

Monitoring the bath activity over 25h and 50h periods
revealed that the activity of baths cC".).taining10% V20S and
5% Al, rose sharply in the first 5 hours and remained.
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fairly constant for the next 20 hours or so, after which
time it seemed to drop. This behavd our compazes well with
the results shown by child ~t ala (26) for the variation of
layer thickness with bath age for 4h treatments of 0.4% C
steel in a 1096 FeV bath (see 'l'able.2.S.2). Although they do
not make mention of the temperature used, their results
show that the bath became active after 8 hours. After 28
hours(a 20 hour interval), the accivity dropped markedly
and no layer formed after 32 hours.

From the above information, it would appear that the baths
containing 10% V20S plus 5% Al remain active for much longer
periods of time as indicated by Fiqure.4.22, since a layer
of about 7~m was still produced at the end of the 50 hour
period. Again, the question regarding mechanical stirring
of the melt is raised. Based on reasons discussed
previously(Section.5.4.3), the possibility exists that
stirring of either bath at the end of the 2Sh or SOh period
could have raised the activity of these baths.

5.4.5. Efr.ect of Bath Qepth and Bath Age on Coating
Thickness Produced

Results obtained from the tests done to determine,
simultaneously, the effect of bath depth and bath age
on coating thickness were shown in Figure 4.:23, 4.24 and
4.25. From Figure.4.23 it can be seen that the 16h bath was
more active towards the lower portion of the melt! whereas
the 811 bath appeared to be more active in the upper portion
of the melt. Further evidence of this was provided in
Fiqure.4.24 which showed that at 30mm above the bottom of
the bath, the 16h bath produced thicker coatings,
especially during the first few hours of treatment. At.
higher levels, ie. 50mm and 70mm above the bottom, the 8h
bath produced thicker ccat Ines especially on specimens
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treated for 12h.

These results seem to suggest that the coating thickness
pr-oducedat any depth in the bath is influenced by the bath
age. As shown above, the bath age appeared to determine
wh i ch portion of the bath was more .{\ctive.In the cases
shown here, the lower and upper portions varied in
activity. ?rom Fiqurs.4.25 it appears that this active
portion or "zone" shifts position with age of the bath. At
30mm above the bottom of the bath, the bath containing 10%
V20S plus 5% Al, which was aged the least, was initially
least active and became most active at this level after
about -,hours. By contrast, the 16h bath was initially most
active and became the least active by che end of the 9h
period.

This effect is considered to be due to the diffusion of
air/oxygen at the surface of the melt. With older baths, in
this case the 16h bath, the surface of the melt become~
oxidised to a fair depth perhaps as much as 10-15mm(see
Fiqure.26). It was indicated in Figur$.4.23 that the rod
treated for 12h in the 16h old bath had oxidised at 90mm
above the bath bottom. Also, the coating thickness produced
on th~ other rods at this level decreased with increasing
treatment time and bath age clearly implying that the
oxidation at the surface of the melt had an effect. Thus,
for a "younqez " bath (8h)f the top portion of the melt would
not be oxidised to the same degree as the older(16h) bath.

Regarding the shift of this "active zone", with time the
top portion of the melt becomes excessively oXidised,
causing this llactive zone" to move lower down the melt to
a region of lower oxidation. The size of this "active zone"
is also likely to be influenced by oxidising conditions
prevailing at the top of the melt.
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In practice, such oxidation of the melt surface may have to
be prevented. The size of the bath is expected to play a
significant role in this regard. As pointed out previously,
excessive oxidation occurred more easily in small baths.
Perhaps a suitably designed lid to reduce contact between
air and the melt, or, the addition of suitable protective
agents on the melt surface would help to reduce this
effect. An alternative may be to stir the bath after
certain time periods. As can be seen from Figure. 4.27, some
of the Al still remained unreacted in the bath althou;:'1the
bath was about 30 hours old. Stirring may move this Al to
the top of the melt thereby reducing the effects of
oxidation.

5.4.6. Influence of Surface Finish

Figures 4.28. (a)-(c) showed that rough surfaces tend to be
smoothed by the VC coating, while the polished surface was
roughened &~ightly. It was pointed out that the coating in
regions of high plastic deformation on the sand blasted
surface appeared to be thicker. This was probably due to
the fact that the surface area of these regiQns is much
larger than that available on a flat surface. As a result,
the contact area bat.ween the molten salt and the steel
surface was increased leading to an increase in coating
thickness.

5 •4 . 7. Analyses of BatJ:!s containing 10% V29s and 5% Al
Aluminum.

The detection of V203 by XRD en bath samples revealed
significant information concerning the nature of the
chemical reactions taking place in ~hese melts. As
mentioned previously, Child et al. (26) also found that a
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lower oxide of the carbide forming element is the reactive
species. They found V203 to be the reactive species in FeV
baths, whereas samples analyzed here were taken from V20S

and Al baths. On this basis it seems that in FeV baths V is
oxidised to V2031 while in V20S baths the pento ..dde is
reduced to V203 in the presence of Al which has a more
negative free energy of oxide formation (Figure.2.5.3).

Child et al. attribute the formation of V203 to the fact
that this lower oxide is less stable than V20S with respect
to their free energies of oxide formation, ie. -456.1
J/mol compared to -518.8 J/mo .... It would appear however ,
that the lower oxide forms only when conditions in the melt
are not excessively oxidising. Important to note are the
factors mentioned by Child et al.~in this respect. They
state that active boz az baths contain small percentages (2-
4%) of oxide of the carbide-forming element, and stirring
is needed to form I:eplacement vanadium oxide in the melt
and thereby keep it active. They also claim that ferro-
alloys do not dissolve in borax baths but are first
o:xidised,and, that conditioning of the melt can be speeded
up by bubbling air through it.

Thus, some oxidation in FeV baths appears to be necessary
in order to form the active V203 species. However, the
extent of this oxidation has to be controlled.
Interestingly enough, controlled oxidation may not be
necessary in V20S and Al baths as aluminothermic reduction
of V20S is likely to occur anyway. A lnteresting area of
study would therefore be to study ::"J.!eV2.0Sand Al baths
under conditions of little or no oxidation. The long term
~ehaviour of such baths would also be of interest.

It is also apparent that layers produced in these baths
form by a two stage process. Firstly I the active oxide

178



forms in the melt. In the second stage, this oxdds then
reacts with carbon on the metal surface to form the carbide
layer. It is very likely therefore that the reaction
occurring at the metal surface is one involving
carbothermic reduction of the oxide. However, this is mere
speculation and requires further investigation.

Child et al.(26) state that the V from the f'e.r ro+aLl.oy is
extracted by selective leaching. This would imply that the
borax acts as a flux. On the other hand, in V20S plus Al
baths the borax appears to be necessary only as a mass
transfer agent. It would seem therefore that bora? can play
a dual role in these melts as a flux and mass transfer
agent.

5.S. Co~rosion Testing of VCCoated Specimens

The results in Tables 4.8 and 4.10 showed that the sample
preparation technique enabled fairly consistent data to be
recorded. The consistency of these results stems from the
preparation and testing technique used which yielded
similar potentiodynamic and cyclic polarization curves for
each group of samples.

The improved corrosion resistance of the coated steel
substrate was clear from both the potentiodynamic
(Figures 4.30 and 4.31) and pitting (Figu:ces 4.32 and 4.33)
curves. The average test data in Tables 4.9 and 4.11 also
showed this. The low corrosion rate of coated samples was
highlighted in Figure. 4-.34. Arai et al.(:')showed that
coated 304 stainless steel underwent, no corrosion in
various aqueous media (see Table ..to. 5.4) . However, no mention
was made of the type of corrosion test carried out,
presumably these were weight loss tests.
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As stated previously I the high Ep values of VC coated
samples showed that they had marked resistance to pitting
initiation in the 0.6M NaCl solution. One may argue that
the pitting damage shown on the surface of coated samples
(Figura.4.38) is greater than is apparent since pits tend
to undezcut; the surface on which they form. This is
unlikely since the the Epp va Lues of the coated samples
were close to that of the Ep values as shown in Figures
4.32 and 4.33.

The excellent corrocion resistancn of the coated samples
also bears testimony to the quality of the VC coatings. The
results obtained indicate that the coatings are dense an~
uniform with no defects which would be detrimental to their
corrosion properties. For examplef the pitting resistance
of coated samples would be reduced significantly by large
poxes or cracks where pitting could be easily initiated and
allowed to proceed unhindered. This is substantiated
further hy the micrographs illustrating the diffel;ent
corroded surfaces. In pvtentiodynamic tests damage to the
substrate sorface was reduced markedly (Figure.4.37) while
in pitting tests tihecoating remained intact (Figure. 4.38) .

It may appear from these results that the VC coating
behaves quite independently of the substrate on which it
forms. Arai et al ,(27) observed that the type of substrate
material had an effect on corrosion rnsistance, especially
in aqueous media. This w~s attributed to the penetration of
acid through micropores in the coating. It is worth noting
in this regard that Van Bennekom(1I1)also carried out
potentiodynamic and pitting tests on VC coated 304L(0.02%
C) and 316L(0.02% C) substrates. He found that in general,
the VC coated :716I,. had a lower corrosion rate than the
uncoated 316L substrate. It was also more corrosion
resistant than the coated 304L su'aat rat.e, Van Bennekom(811
also found that the uncoated sU::'strateshad far higher
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pitting potentials (Ep values) and much larger passive
ranges than the VC coated substrates. This suggests that
the substrates and the quali~y cf the coating influenced
the corrosion behaviour of the coated steels. It should be
noted though, that Van Bennekom(81) attributed the low
pitting resistance to the fact that the stainless steel
substrate became sensitized during the coating treatment
which was carried out at temperatures in the sensitization
range of these steels. It can be deduced therefore that the
corrosion behaviour of the coated substrate will be
influenced by ·thetype of substrate material, t.he coating
quality and coating process,

5.6. Treatment of ~oolsteels

EDS and spectrometric analyses as well as microscopy of the
as-received toolsteels indicated that these materials were
of acceptable quality. The only concern was that the V, W,
and Co contents of these steels were not determined ,
Nonetheless, based on the percentages of the other
elements, these materials were of acceptable composition.

From .the outcome of the 3h and 6h treatment at 950°C
(Figure.4.40) it was shown that the steels with the higher
carbon contents formed the thickest coatings with the
exception of the :C~~2steel (1.04% C). The comparatively thin
coating produced on this tool steel was probably due to the
high austenitizing temperature range of this steel, ie.
1100-1230°C. Also, this steel contains a fa.irlyhigh amount
of V(1-3%). Consequently, at 950°C the carbon content of
the matrix is relatively lOW, since the carbon is trapped
in the carbides. These carbides are stable to much higher
temperatures. In fact the carbide of vanadium, ie. VC,
remains stabl~ up to temperatures of about 1300°C(78).The
low carbon content of the austenite at 950°C is therefore
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responsible for the thin layer produced.

The hardness (Table.4.12) and microstructure (Figures
A.3.1. (b) - A.3.S. (b») of the hardened and tempered tool
st.eeLs confirmed that all these samples ...rere adequately
heat treated, except for the H13 steel. Nonetheless, the
coating thickness produced on the a, ").nealed,and, hardened
and tempered samples showed little variation (Figure.4.42) .
The higher carbon content of the matrix in the hardened and
tempered samples appeared to have little effect on the
coating thickness produced. This seems contradictory, but
it must be remembered that the treatment temperature of
950°C was below the austenitizing temperatures of all the
tool steels, except the D3 steel. At the same time it is
worth noting that the coating thickness on the hardened
sample of thi~ particular material was markedly higher than
t.hat,on the annealed sample. This suggests that ?. treatment
tempe.rature in the austenitizing range of these tool steels
would be most effective for pr oducLnq thicker coatings.

From these results, it can be seen that coating thicknesses
between 3·-10J.Lm,which is regarded as adequate in practice,
were produced within 3-4 hours at 950°C. At higher
temperatures, say in the austenitizing range of these
toolsteels; such coating thicknesses may be expected to be
produced much quicker, perhaps within an hour or two. The
time taken to produce a layer of the required thickness is
important since too long a :reatment time could result in
excessive grain growth which would reduce the impact
resistance and toughness of the tool steel. Thus, shorter
treatment times may be more suitable. On the other hand,
the higher temperatures, sometimes in excess of 110Qoc may
pose problems for the borax melt.

The high core' hardness of the tool steels quenched from
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950°C was due to the fact that these steels are all
austenitized to some extent at this temperature
(Table. 4 .13). On quenching, the austenite transforms to
martensite thereby increasing hardness to some degree. The
D3 steel whose austenitizing range lies between 920-980°C
had the greates.t hardness because it was probably fully
austenitized. The as-quenched hardness of these tool steels
varies with austenitizinq temperature. The Ms temperatures
of these steels range between 20QoC to 400°C, with some of
the steels, ego the M2 steel, showing marked secondary
hardenj.ng(78).

From this discussion, it can be appreciated that the
treatment of tool steels by this coating process requires
care!ul planning and control. Too high austenitizing
t.emperat.ure s could cause incipient fusion, while too long
treatment times will lead to some grain growth. Quenching
at temperatures far below the Ms may result in quench
cracks, and, improper tempering procedure w:tll reduce
toughness and impact properties.

The hardness of the VClayer ('rable. 4 .14) from tests done on
the cross-section of the layer compared well with the
vallles obtained previously on coated EN9 steel substrate.
In this case, the values appeared to be slightly higher
overall, perhaps due to quenching or the higher hardness of
the substrate. The drop in hardness at the 50gf load is
noteworthy, but is expected for the higher load since
hardness orops with load.

5.6.1. Microstructure of VC Coated Tool Steels

The appearance of the VC layer on the toolsteels resembled
that of the coat ed carbon steels in terms of uniformity and
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density. The salient features shown (F;i.qClre. 4.44. (a) - (c) )
were typical of those observed previously(Section.4.3.1).
The highlight of the salient features shown is that this
coating process is non-line of sight. The ability to coat
small holes, corners, and fairly rough edges presents a
number of practical advantages especially when one
considers the limitations of the line-of-sight processes,
ego PVD.

The substrate microstructur.e below the carbide layer
varied. In all cases, except in the case of the H series
steels the alloy carbides in the matrix could be seen. The
B series steels showed extensive decarburisation below the
coating which was evident from the ferrite grains (white
areas) below the cl)ating. This is probably due to the low
carbon content of these steels(O.3% C). It is not certain
what steps wot~ld have to be taken in practice to overcome

.I

this, but the \,steel may have to be carburised '91'iorto
coat4.ng.

The structure of the matrix of these steels was not studied
in any detail but the hardness test results indicate that
the matrix probably comprised a mixture cf martensite and
retained austenite. The behaviour of the carbide upon
quenching and its known stability at elevated temperature
would enable the necessary treatments of tools steel or
alloy steel substrates to be caz-r Led out, in order to
produce the required microstructure and properties in the
substrate.
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5.7. Problem Areas and Solutions

5.7.1. Method of Immersion of Same1es

As shown previously, the method by which samples are
immersed in the melt could pose problems. In practice, the
size, weight and shape of articles will have to pe
considered carefully. A jig may prove to be suitable, but
this will have to be looked into.

5.7.2. Cleaning of Samples

Cleaning of treated articles in boiling water proved to be
a fairly effective procedure. Often, a thin surface layer
of salt still remained attached to samples even after
cleaning in boiling water. A suitable solvent may have to
be found to remove this deposit.

5.7.3. Cleaning' o1;:_Steel Pots used for Baths

The pots used in these tests were easy to clean, as
described in Section. 4.6.3, because of their relc.tiveIl'
small size. The larger baths used in practice will be
difficult to clean in a similar manner due to their size.
An alternative cleanout procedure will have to be found,
since the pots are expensive to fabricate.

5.7.4. Formation of "TW'('I-Phase"Carbide Layers

Although undesirable, the formation of "two-phase" carbide
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layers was an interesting phenomenon. As shown in
Figure.4.48, the "two-phase II layer comprised an Fe-rich
phase (Figure.4.49) surrounded by a V-rich phase
(Figure.4.50). The Fe-content of this type of layer was
also shown to be very high (Table. 4.15) . Microhardness tests
Levealed that the hardness of such layers was low compared
with that of the normal VCcoatings, ie. 1340HVO.025. EVlen

more interesting was the fact that these layers seemed to
form in either FeV baths, or, FeV plus Al baths, hence the
deduction that this problem was related to the llse of FeV.

It is t.houqht; that the formation of such layers may be due
to the particle size of the FeV being used. P'articles of
FeV(-500~m = -32 mesh) may become attached to the surface
of the grot.ring carbide layer, combining with carbon to form
a complex (Fe, V)xCy--typecarbide phase. 'l'he purrounding V·_
rich phase, which is in essence the grr")wingcarbide layer,
grows around these particles to form the "two-phase" layer.
Vanadium from these Fe-rich areas may diffuse out to
combine with carbon in forming VC, thereby making these
areas Fe-rich.

It is also possible that the Fe originated from the
subst~ate. One may argue that such high Fe contents could
not have diffused from the substrate into the layer, but it
is worth noting that in ferro-chromium baths, duplex layers
of (Fe, C.t')7C3 (outer layer) and (Fe, Cr) 23C6 (inner layer) are
formed (26). The theory that such layers are formed under
certain bath conditions has not been discounted and this
may be possible. However, the above discussion involves
mere speculation and the formation of these "two-phase"
layers remains unresolved at present. These layers are
nonetheless regarded as a degenerate form of the carbide
layer aimed for and their forrr.ation must be avoided.
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5.7.5. Spallinq of Coated Sam~

The occurrence of spalling (se~ Section. 4.6.5) was
associated with the build-up elf residual stress at the
surface of coated samples due to the differential
contraction of the layer and the substrate. As stated,
quenching of treated samples appeared to alleviate this
problem. Since residual stresses can arise from volume
changes, which may be caused by thermal or structural
changes in the specific volumes of neigJ:-.r.bouringregiollsQf
a material(see Section.2.3.2), it seems likely that the
resi~'al stresses responsible for this spalling originate
from thermal or stru.ctural changes between the coating and
substrate. This is substantiated.by the fact that quenching
alleviates this problem. It would appear that the 3-4%
specific volume increase in the substrate, brought c.nby
the martensite transformation, compens at.es for the
differential contraction between layer and substrate.

Without the volume compensation brought on by quenching,
residual stresses would develop in the VC coating. The
distribution of these residual stresses may vary. However,
given the fact that the VC layer may be partially or wholly
detached from the substrate, and that, cracks in the
coating propagate along the length of the coating
originating from the layer surface or the coating/substrate
interface (Figures 4.52, 4.53, and 4.54), it is clear t.hat;
the position of the maximum residual stress is situated at
some point along the coating thickness. This point may be
at the layer surface, the substrate/coating boundary, or at
some intermediate point.

'rhe sign of this stress, ie. negative or positive which
indicates compressive or tensile residual stress
respectively, is not certain. However, given the fact that
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the volume expansion due to quenching alleviates this
problem, it seems likely that the SUbstrate contracts to
more rapidly than f VC layer. Therefore, with.)ut
quenching I the substra ...e would finally be in a state of
compressive residual stress, wh.Ll.ethe VC coating whd.ch
contracts more slowly during cooling, is finally in a state
of tensile residual stress. Hence, the occurrence of
spalling in the coating. With quenching, the 'volume
expansion compensates for the differences in volume between
substrate and coating tlThichtakes place during cooLi.nq.

5.7.6. Staining of Coated Samples

Micrographs presented in Figures Ji • 58--4.61 showed the
nature of the "stained" areas on samples, and, the
morphology of these areas. As pointed out, such "staining"
was of Concern as it diminished the aesthetic appeal of the
coated specimens. The interesting feature of the "stains"
was that they were actually areas of VC.as indicated by EDS
analyses (Figure.4.60) . The conclusion was therefore drawn
that these dark areas were areas where the carbide layer
grew with a morphology different to that observed
normally (Figure.4.&). In some cases the stained areas
consisted of cubic particles, whereas in other. cases the
layer seemed t.o grovl in lath form (Figure.4.59). At
present, the cause of "staining" is not known, but some
possible reasons regarding the occurrence of these "stains"
are listed below.

1) Oxidation of samples in these areas prior to immersion
in the melt;

2) Decarburisation in these areas due to machining or in
the bath itself;
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41 A change in the growth orientation of the layer
resulting from the infiltration of "foreign" elemenl.::s,
either from the substrate, the melt, or the steel pot,
thereby giving rise to the formation of a less even
carbide layer and therefor.e a different reflectivity;

5) Changes in the bath conditions, or, bath composition
specifically in the areas where staining occurs.
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6. CONCLUSIONS

1. VC coatings were formed in molten borax baths
containing FeV or V20S as carbide-forming additives,
when the conditions in the bath were sufficiently
reducing.

2. Aluminium is effective as a reducing agent and a
deoxidising agent in baths C' 'ntaining FeV or V20S•

3. Small amounts - in relation to the mass of salt used -
of bath additives were required to produce coatings of
adequate thickness.

4. Growth of the carbide layer may be reaction rate
controlled or diffusion rate controlled depending on
bath conditions. Generally, processes in older baths
t.end to be reaction rate controlled.

5. The hardness of the VC coatings was consistent with
values quoted by other workers, and values found in
the literature for the bulk material.

6. Coatings produced by this process comprise vc with
small amount.s of Fe diffu.sed into the layer.

7. Increasing temperature and substrate carbon content
had a di~tinctly positive effect on the coating
thickness produced in a given time period.
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8. The particle size of che carbide-formirtg compound
influenced the thickness of coating produced. The rate
of coating growth increased with smaller particle
size.

9. Rough surfaces tended to be smoothed by the carbide
layer while polished surfaces were roughened slightly.

10. The detection of V203 by XRD analyses on bath samples
confirmed the findings of other workers that a lower
oxide of vanadium is the act.:i.vespecies in the bath.

11. The corrosion rate of VC coated carbon steel
substrates was reduced by 50-100 times in 1N H2S04 at
25cC.

12. pits formed on the surface of VC coated carbon steel
substrates in 0.6M NaCl solution at 30°C tend to
repassivate.

7. FUTURE WORK

It is clear from the findings presented in this report that
much work is needed to overcome ceratin problems, and,
produce treated components which are fit for service.
Future work should cover the following areas.

1. A detailed study of reactions occurring in the bath,
paying particular. attention to the thermodynamic
aspects of such reactions. In this regard, data such
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as free energies of formation of the different
species, activation energies, and rate constants,
would be useful in modelling the process. This study
CQuld be ext-en( ~9other bath types, such as baths
for producing NbC or Cr-carbide coatings. The study
could also be evtendsd to include other types of
melts, for exampl~ flouride melts. Such information
could also lead to the development of other types of
sUT-face coa:tings.

2. An investiga·tion into effective measures which could
be taken to condition. ageing baths, ie. stirring, bath
additions, or othf~;'rmeans.

3 _ Evaluation of the w'ear resistance of the VC coated
materials.

4. Application of the VC coating to tools paying
particular attent10n to heat treatment in order t?
optimise the properties of'the substrate Irtt:;terial
while increasing the surface hardness considerably.

s. A study of baths for producing other types of carbide
coatings, ie. Cr--carbide or NbC and evaluation of the
coatings obtained in these baths.

6. The current problem a~eas should also be investigated.
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A.l. List of Typical XRD Data obtained on V9 Coated Sample~

UNIVERSITY OF THE WITWA'l'ERSRAND METALLURGY DEPARTMENT

raw data file name: VCCOAT.RD 28-oct-91 15:03
diffractometer: PW1820

x-ray tube: Cu LFF 40kV 30mA
wavelength(al~ a2): 1.54060 1.54438

monochromator: YES
divergence slit: 1:"
receiving slit: 0.1

range 2theta: 5.000 - 75.000
step width, time: 0.•020 2.00
peaks file name: VCCOAT.DI 28-oct-91 15:03

range d-value: 1.2654 - 17.6596
range tip width: 0.01 - 1.00

minimum significance: 0,75--~-----------------------~--------------~--------------------------------------
peak d-va1.ue ang1.e width peak baekg. :r/Imax dgn.i~.
no. (AU) (deg) (dcg) (ct.) (ct.) (lis)

1 14.1189 6.255 0.080 110 123 7.72 2.13
2 9.9783 8.855 0.060 45 85 3.14 0.85
3 6.1460 14.40 0.060 44 49 3.05 1.97
4 6.0635 14.58 0.060 88 49 6.18 1.19
5 5.9888 14.78 0.080 104 48 7.28 2.49
6 5.0694 17.48 0.060 31 38 2.1.9 1.51
7 4.9818 17.79 0.080 44 38 3.05 1.40
8 4.7717 18.58 0.200 36 36 2.52 1.19
9 4.4569 19.90 0.080 42 32 2.96 1.46
10 4.3893 20.21 0.120 50 32 3.53 0.97
11 4.1109 21.60 0.060 76 2) 5.30 1.16
12 3.8244 23.24 0.060 69 28 4.82 0.96
13 3.6101 24.64 0.060 50 18 3.53 1.04
14 3.5257 25.24 0.060 72 19 5.06 1.64
15 3.3961 26.22 0.060 202 20 14.11 2.82
16 3.0708 29.05 0.060 50 17 3.53 0.92
17 3.0376 29.38 0.060 86 17 6.05 1.64
18 3.0076 29.68 0.100 83 14 5.80 1.40
19 2.9067 30.73 0.240 37 10 2.60 1.5l~
20 2.4904 36.0s 0.800 10 16 0.72 0.83
21. 2.4044 37.37 0.120 1253 17 87.70 6.65
22 2.3964 37.5 0.140 1340 17 93.75 4.'1...
23 2.3039 39.06 0.060 30 14 2.12 1.53
24 2.1937 41.11 0.640 10 14 0.72 1.31
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25 2.0790 43.49 0.100 1429 16 100.00 5.45
26 2.0729 43.63 0.080 1310 16 91.71 1.S1
27 2.0210 44.81 0.180 180 14 12.57 3.86
28 1.9083 47.61 0.120 35 10 2.44 1.69
29 1.89,76 47.90 0.060 38 9 2.69 0.77
30 1.8554 49.06 0.060 72 6 5.06 1.39
31 1.8313 49.75 0.080 67 1 4.71 3.76
32 1.7032 53.18 0.120 15 6 1.06 1.26
33 1.6743 54.18 0.060 ~8 5 1.97 2.44
34 1.6227 56.68 0.060 46 10 3.24 0.95
35 1.6012 57.51 0.560 16 10 1.12 2.03
36 1.5667 58.90 0.000 18 10 1.29 1.67
37 1.5533 59.46 0.240 10 10 0.72 0.95
38 1.5332 60.32 0.060 67 8 4.71 1.43
39 1.5077 61,45 0.080 27 8 1.89 1.27
40 1.4868 62.41 0.080 86 10 6.05 4.05
41 1.4747 62.98 0.100 324 11 22.68 t.2S
42 1.4705 63.18 0.080 471 12 32.96 0.81
43 1.4295 65.21 0.400 27 11 1.89 2.14
44 1.3887 67.38 0.060 21 3 1.48 2.83
45 1.3552 69.28 0.120 26 3 1.82 2.86
46 1.3141 71. 77 0.060 23 4 1.61 2.58
47 1.3067 72.24 0.060 29 4 2.04 0.75
48 1.2942 73.05 0.080 35 5 2.44 2.28----------------------------------------------------------------
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A.2. List of Typical XRD Data obtained from Bath Samples

--------------------------~-----------------------'-----------------------------
UNIVERSITY OF THE WITWATERSRAND

raw data file na~e:
diffractometer:

x-ray tube:
wavelength (a1t a2):

monochromator:
divergence slit:
receiving slit:

range 2theta:
step width, time:
peaks file name:

range d~value:
range tip width:

',ninimumsignificance:

METALLURGY DEPART~1ENT

10V5AL.RD 1-nov-91
PW1820
Cu LFF 40kV 30mA
1.540£0 1.54438
YES
1/2
0.1
5.000 - 75.000
0.020 1.00
10V5AL.Dr l-r.ov-91
1.2654 - 11.6596
0.01 - 1.00
0.75

13:08

13;08

-------------------------------------------------------------------------------
peak
no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

d-va1ue
(AO)

17.3475
16.4897
10.0::35
5.6922
5.1933
5.0365
4.9901
3.6232
2.8622
2.7710
2.6920
2.4627
2.1755
2.0142
1.a"~9
1.8232
1.6930
1.6649
1.6392

lmgl.e
(deg)
5.090
5.35(>
8.815
15.555
17.060
17.595
17.760
24.550
31.225
32.250
33.255
36.455
4l.4i5
44.970
49.415
49.985
54.130
55.120
56.060

width
(deC])
0.100
(\.480
0.120
0.060
0.060
0.060
0.060
0.120
0.060
0.060
0.120
0.060
0.200
0.120
0.060
0.080
0.080
0.060
0.060

peak
(cta)
77
77
32
32
128
50
03
161
55
56
193
151
S9
69
49
86
219
45
90

backg.
(eta)

4
4
46
67
77
86
86
114
137
128
125
110
104
1",,7
110
104
74
67
49

l:(Imax
(%)

35,35
35.35
14.83
14.83
58.30
23.01
37.81
73.63
25.00
25.68
88.21
69.0'1
27.07
31.45
22".37
39,,49
lOO.OO
20.49
41..20

aignU.

2.44
3.26
2.11
0.99
1.47
1.47
0.82
2.61
1.17
1.75
2.09
1.10
0.91
2.05
0.86
0.90
1.46
1.59
1.01

20 1.6123 57.080 0.060 71 52 32.21 0.98
21 1.5235 60.745 0.060 59 45 27.07 0.96
22 1.5079 61.440 0.120 30 46 13.81 1.42
23 1.4686 63.270 0.240 42 48 19.29 1.60
24 1.4280 65.290 0.080 135 41 61.43 2.40
25 1.4070 66.390 0,080 H 32 33.77 2.40
26 1.3811 67.800 0.060 104 29 47.50 1.32
27 1.3715 68.340 0.060 74 31 33.77 1.14----------~----~-------------"-----------------------------------~-------------------------------
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A. 3. ,Microstructure of '1'001Steels

A.3.1. D2 Tool Steel

(a)

(b)

Figure.A.3.1. Microstructure of (a) as-received
(b) hardened and tempered samples.
Etched nital.
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A. 3.2. D3 Tool S,teel

(a)

(b)

Microstructure of (a) as-received
(b) hardened and tempered samples.
Etched nit.al.
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~..3.3. H13 To()l Steel

(a)

(b)

Figure.A.3~~Microstructure of (a) as-received
(b) hardened and tempered samples.
Etched nital.
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A.3.4. H21 Tool Steel

(a)

(0)

Figura.A.3.4. Microstructure of (a) as-received
(b) hardened and trempered samples.
Ethced nital.
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A.3.S. M2 Tool Steel

(a)

Figure.A.3.5. Microstructure of (b) as-received
(c) hardened and tempered samples.
Etched nital.

209







Author: Fazluddin Shahed Bhagga.
Name of thesis: Development of diffusion carbide coatings.

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2015

LEGALNOTICES:

Copyright Notice: All materials on the Un ive rs ity of th e Witwa te rs ra nd, J0 han nesb u rg Li b ra ry website
are protected by South African copyright law and may not be distributed, transmitted, displayed or otherwise published
in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (one machine readable copy and one print copy per page)for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.


