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ABSTRACT

The formation of VC, NbC, and Cr-carbide coatings on steels
immersed in molten borax baths cbntaining 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 containing ferro-vanadium and V,0;
as bath additives. The prevalence of oxidizing or reducing
conditions in the bath was found to play a deciSive_role in
the formation of the VC layer. The influence of treatment

factors such as time, temperature, and bath composition on

the thickness &f the coating was investigated. A detailed
investigation intc the behaviour of baths containing V,0;
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 vanadium carbide coating was
evaluated by accelerated electrochemical means. Samples of
mild steel and EN9(0.5% C) steel were treated for various
lengths of time in order to obtain c¢oatings of various
thicknesses. The corrosion resistance of the carbide
coating was found to be superior to that of the untreated
base alloys.

Five different tool steel materials were also treated.
Microscopy examination and hardness testing of the VC
coated tool steels was performed Iin order to assess the
effects of treatment by this process on the base 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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1. INTRODUCTION

The performancé of machine tools such as dies, punches,
jigs, etc. is essential to the efficiency of mass
prodﬁctioh.icOst and product quality are also significantly
influenced ry the performance of these and other machine
components. The increasing demands being made on equipment
performance has placed even more emphasis on the need for
materials which can fulfil the requirements of modern
industry. The development of surface treatment processes
and their applications, over the past few decades, has been
viewsd as 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 nitriding have heen inadequate in meeting
the increasing demands on performance. This stems mainly
from the relatively low wear resistance and seizure
resistance of coatings produced by these processes. Even
the more advanced metal spraying technique has been fairly
ineffective in eliminating spalling of coated components.,
It is essentially for 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) probess,-used mainly for the application of
carblde coatings, eg. TiN or TiC(Titanium carbide)
coatings. This process produces coatings with excellent
wear and selzure resistance, as well as reducing component
failure by Spalllng



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 TD prdcess is much simpler to perform. It
simply involves dipping of the material to be treated into
a molten salt bath, between 800°C and 1000°C, under ambient
atmgsphere for a period of time. The bath comprises mainly
borax and carbide forming compounds. Unlike with other
methods, no protective atmosphere or complicated equipment
for waste treatment isg reqﬁiréd with the TD process. In
addition the prccess-is applicable to almost any kind of
carbon-containing substrate material, eg. steels and
cemented carbides. The most common types of carbide
coatings deposited by this process are VC, NbC, and Cr-
carbide. -

"In this work, molten borax baths containing both ferro-
vanadium and V,05 as carbhide forming additives were studied.

Bath qonditions 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,
compogition. Corrosion tests were alse carried out on Ve
coated carbon steel substrates.'Einally, 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 inte the research carried out
and the results obtained, as well as, the discussion of
these results.



2. LITERATURE REVIEW

2.1. Wear Mechanisme and Wear of Materials

The quality of metal components is largely influenced by
their surface condition and surface deterioration during
service. Engineering component 1life 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 'operating
surface of a body occurring as a result1of relative motion
of the surface witlh respect to another body"®.

Increasing demands on performance from machine 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 essentially from two

principal modes of gontact, namely adhesive wear or
abrasive wear. Adhesive wear involves contact between two
imetals while abrasive wear involves contact between a metal
and an abrasive material which may be metallic or non-



metalllc An industrial survsy on wear has shown that the
two modes of wear listed above account respectively for 50
and 15% of all wear 51tuatlons making them the predomlnant
wear prooessea“'

Wear 1is often consldered. to be a surface phenomenon, _
| however, it is also true that it is a systems phenomenon as

. the behaviour 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“’. 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 flﬁlSh,
(v) Lubricant;
'kvi) Composition and compatibility of mating parts,
(vii) Relative speeds of mating parts; :
(viii) Presence of foreign particles.

‘These factors contribute either negatively or positively,
or, transform the wear mode into a sgpecial form of the
principal wear modes. For example, hardness and strength
decrease with increasing temperature. The 1likelihood of
plastic deformation increazses at higher temperatures
thereby increasing surface damage. Hot hardness is often
required in materials used at elevated temperature and
under wear applications. ' |

In a corrosive env;ronment, there is a tendency for
reaction produots to form on cone or both surfaces in a wear



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 common in
industrial atmospheres. 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 'J‘_.m".'re_a.sed and the corrosive
medium appears more aggressive than it is under statig
conditions. - -

2.1.1. Prevention of Wear

. Wear prevention is generally achieved by a variety of
' methods, materials, or combinations of both.'seleCtion'bf
a method or material in this regard is usually preceded by
a thorough analysis of service conditions. Control of
operating parameters, eg. loads or sliding speeds, is a
means of reducing wear within a system. The use of
lubricants and coolants also plays an Iimportant role.
Davison'® estimated that without the use of lubricating
oil, the number of men required to drag an Egyptian statue
af about 60 tong would be 516, in contrast to the actual
numbet 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 1is 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 rasistance.



Wear rate is inversely related to hardness at times.
Practical results on abrasive wear however, do not confirm
this proportionality. Pure metals, because of their simple
microstructure, may display such proportionaiity. Typical
engineering alloys have much more oomplex'atructures and
_thereforé do not follow this relationship®. For example,
in steels, hardness and wear resistance are controlled by
C-content and the structural condition of the matrix. Hard
phases such as carbideé, borides, nitrides and phosphides
are used successfully io;impfoving abrasion registance. The
composition, amount and morphology of these phases
generally determine the degree of improvement. The usge of
‘hard carbide in a softer matrix is an effective way of
combatting wear. Saltzman® 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%, The hardness of a worn surface is a
- factor often overlocked when considering haxdness 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 play a part.

Generally, coated materials used in wear resistant
applications tend te¢ have improved properties over the
uncoated material. Wear tests done by Venkatesh!™ using TiC
coated WC 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



resistance. However, it 1s coating hardness which is the
more influential factor. Habig® performed adhesive and
abrasive sliding wear tests on the same steel substrate
coated by five different procesées,

(1] Diffusion/Thermochemical;

(1i) CVD(Chemical Vapour Deposition);
{iii) PVD(Physical Vapour Depositlon),

(iv) Plasma .Spraying;

(v) Electrodeposition,

Results from these tests showed that the diffusion
coatings, in this case FeN /FeB /Fe,8 /Cr,C; and VC, had
higher‘wear'resiStancé than . the other coatings although,.
the thicknesses of these diffusion coatings were amongst
the smallest. It therefore appears that the hardness

of surface coatings applled to components is most effective
in reduclng wear in these components.



2.2. Quarview of Surface Engineering Processes.
Z.2.1. Diffusion Coatings

Wear resistance, corrosion 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 tkese so called diffusion
"coatings" do not constitute a physically distinct 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 camponent, whose structure has been modified to a
certain dépthfby the diffusion of certain elements into the
component surface.

2.2.1.1. Carburising

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 resistance and fatigue strength. Case 
thicknesses vary between 0.1-0,3mm for large and 0.5-2.0mm
for small andlnedium—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 0.1-0.12mm depth. Carboh diffusion into the steel
surface is achieved in various ways'®. '

(1) Pack carburising;
(1i) Gas carburising;



(iii) Melt gagggriging - Here, a melt containing 78-85%
Na,C0;, 10~15% NaCl, and 6-8% S51i0,(typically), 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
possiblé. 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 hypereutectoid pearlite and secondary Fe,C.

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
thig, is produced in alloy steels containing Cr, V, Mn, W,

and Mo. The presence of these carbiries 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. The hardness
‘distribution in the diffusion layer - typical of all
carburised articles - depends on the carburising time,
heating rate, and gquenching and annealing temperatures.
Wear 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, Nitriding

The very rapid diffusivity of nitrogen in iron is exploited



in nitriding. The wvaluable properties obtained f£rom
nitrided layers are high hardness (1300 HV), high seizure
and wear resistance, considerable hot hardness at 500-
600°C, and improved corrosion resistance. Among the
drawbacks are the process times and the drop in corrosion
and heat resistance of treated components. 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 o¢il industries. Examples of
materials treated are Cr, 21, and low-alloy steels,
austenitic and stainless steels, as well as heat resistant
steels. There are three common methods of nitriding'®,

| (i) Gas nitriding;
(il) Glow-Discharge nitriding;

(1ii) Melt nitriding - The types of melts used for
nitriding wvary with the manner . in which nitrogen is
introduced inteo the component. Fused salt baths used for
"salt" nitriding have a high cyanide content and operate at
540-590°C. With neutral salts, ammonia gas is blown into
the melt., Where aqueous ammonia solutions are employed,
heating is achieved through high fr: ‘iency 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. Fe,(C,N) and Fe,(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. Longer .
times simply increase layer depths® . Nitrides of alloy
steels are harder and also have greater thermal stability
than carbon steels.

2.2.1.3. Chromizing

The attractive properties of chromized articles stems from
their high surface hardness and good wear, corrosion, and
beat resistance. Practical examples of caromlzing
applications are numerous, covering a wide = industxial
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 dinvolves deposition(usually
electrolytic) of chromium onto the metal surface followed
by heating. Chromizing in vapours{the earliest method)
entails vaporization of chromium and its absorption onto
the metal surface. This method has been developed to
include treatment of components in wvacuum. In bath
chromizing, components are treated in fused salt baths
containing chromium or ferro-chrome. These baths usually
contain sodium chloride, calcium chloride, barium chloride,
and sometimes chromium chloride. In some cases, chromizing
is performed in baths containing molten 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 inert atmosphere.
Powder mixtures typically contain chromium-bearing
substances (chrome, ferro-chrome, chromium oxide, atc)),
substances which prevent sticking of particles to the metal
surface {aluminium oxide, refractory clays, 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
chromizing in chromium or férro—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 gsontainers is used in the
machinery industry. The s=zal consists of a low melting
point (700-800°C}) sodium- or borosilicate glass through
which the evolved gases escape at the beginning of the
process'® . Pagre chromizing is intermediate between the
melt and gas methods where articles are covered with a
paste c¢onsisting of water mixed with ferro-chrome,
binder (bentonite), and NH,Cl. Upon heating, the metal
surface becomes impregnated with chromium. '

During gas chromizing in HCl and H,, Cr atoms diffuse into
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the steel surface which is austenitic at the chromizing
temperature. A (Cr,Fe),,C; carbide layer forms via reactive
diffusion. A polymorphic gammaFalpha transformation occurs
with further Cr-enrichment of the austenite. Higher carbon
content accelerates Formation of the above carbide and also
leads to (Cr,Fe),C; formation. Carbide zone depth increases
with increased time (2-20 hours) and temperature(900~-1100°C)
of ¢ontact-chromizing;fdhromized layers are characterised
by an intermediate zone between the surface carbides 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 steel.
Such infiltration hampers the diffusion process and is
detramental to layer structure and properties. '

2.2.1.4. Boronizing

Boronizing of steel is carried out on carbon steels,
ferritic and austenitic alloy steels, nickel and nickel
alloys, as well as other materials. The primary application
of Dboronized components 1s - in that requiring wear
resistance, eg. bushings, dies, nozzles, and protective
shells in pumps. Boronizing also imparts corrosion
rasistance in steel, and reduces friction in dies, cams,
jigs, blades, and bearings. Savings achieved wvia 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 extended
from the initial method where treatment 1s done in powder
mixtures, to other methods outlined below(®19,
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Boronizing in 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 eévery 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 several 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 chamotte. Also, to
accelerate the procéss, ammonium chloride, borax and other
compounds are added. Boronizing in powder mixtures of
" amorphous boron and NH,Cl for 4 hours at 900°C produces a
70um case. In the case of boron carbide pawders, addition
of NH,Cl increases case thickness by 15—20%;-fn a -study
using a mixture containing 84% boron carbide and 16% borax,
steel specimens treated for 6 hours at 950°C developed
cases 150um thick. The use of induction heating is thought
to accelerate the boronizing process. :

Elactrolvtic boromnizing - This method is based on the
electrolytic 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 lLaths, boronizing has been
carried out in a melt containing 40% borax and 60% boric
acid (anhydride) . Electrolysie for 4 hours at 9500C in such
baths produced 320um thick layers on 0.5%C steel. The
addition of NaCl to baths results in more uniform layers,
while addition of NaF increases the process rate.

Molten bath boromnizing - Baths used here contain borax
and sodium or barium chloride with the addition ¢f boron
carbide. The simplicity of this method allows it ¢z be used
in any plant. Extensive investilgation into this process hasg
been carried out. A bath containing 60% borax and 40% horon
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carbide was found to be the optimum. Using _this'bath, f:i__.{re
hours treatment of Armco iron at 1000°C produced a 300fm
thick layer. Baths containing borates, ie. Na,B,0; or K,B,0,,
and up to 12% elemental boron may also be used. Such baths
operate at 815-1175°C and the use of elemental boron
accelerates the process. Another bath composition contains
a metal whose free energy of oxidation is higher than that
of boron, eg. Ca, Mg, Be, Ce, Li, Al, or Ti, and which
reduces borates td elementary boron. Ultrasonic waves have
beeri found to {ntensify boronizing while additions of
phosphatés, PbO or Bi,0, reduce process temperature.

Gas boronizing - Since gaseous media have a higher
activity, gas boronizing is more efficient resulting in
faster diffusion. Typical gaseous boron compounds used are
'BZHS., BCl,, BBr,;, etg, Temper_atures range between 700-350°C.,

By coniparison, electrolytic boronizing produces  thicker
cases in a relatively short time. Molten bath boronizing is
slower with the equipment needed being much simpler.
However, bath depletion takes place rapidly. Gas boronizing
is most promising, but the high toxicity of the gases
limits industrial appiication. Boronizing in powders is
si.ower than the above methods, but the simplicity of
equipment and high quality of cases produced makes it
f.wvourable. Recently developed boronizing methods with
little practical use as yet, include coating from B-
containing slurries followed by diffusion, and, boronizing
in B0, — Al mixtures. '

Boronized steels generally contaln 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 Fe,B layer

beneath this. The borides in these layers are acicular and
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orientated perpendlcularly to the surface, és shown ih
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 thickness of the barlde layer decreases with
increasing carbon content. G;owth of the boride layer is
“governed by a parabolic law, ms indicated by Pigure.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 Fe,B 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 1ncrease in the amount of the Fe,B
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 altered with boronizing with the
dimensions o©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 vyield 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. Vapadizing

The impregnation of the surface of steel components with
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vanadium is a technique which is relatively ﬁnexploited in
industry. As might be expected, 1little information
regarding this process is available. A number of methods
have been developed whereby vanadium is diffused into
steel, Vanadizing in powders is typically carried out in
mixtures containing fe rro-vanadium, aluminium oxide, and
ammonium chloride. Gas impregnation of vanadium usually
involves HC1l and H, mixtures in the presence of vanadium cr
ferro-vanadium, Other gas mixtures are. sometimes used, eg.

VCl, and Hz‘” - :

Cearse columnar crystals of a solid solution of vanadium in
alpha-iron are formed on the surface of vanadized iron or
low-carbon steels. These 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 wvanadium 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
0.5-{.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 good.
Typical microhardness values of the carbide zone lie in the
range 1850-2000 kg/mm?. However, layers formed 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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D=0.17 expl- BT

An investigation into the properties of vanadized 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 produced
carbide zones _0.012(12pm)' and 0.02(20um) respectively.
Using a modified mixture of 60% V, 35% Al,0,, and 5% NH,Cl,
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
sulphui:ic acid increased, but was reduced in alkaline
solutions® . '

2.2.2. Vapour Deposition Processes

Vapour deposition processes produce coatings on substrate
materials by one of twe methods. PVD(Physical Vapour
Deposition) techniques involve condensation from the vapcur
phase, while CVD(Chemical Vapour Depositinn) methods_
involve reaction from the wvapour phase. PVD is conflned
almost wholly to making relatively thin films(10pum to
100pm) whereas CVD produces both thin films and layers in
excess of lmm. At present however, there ig an extensive
overlap in CVD and PVD processes with hybrid technigues
continually emerging. The main reason for this is the
extensive development taking place in these areas in order
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 1limitation 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 te #0m 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 prodesses_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 plé._sma which is attracted to a biased
substrate in the arc plasma evaporation process. At the
extreme end, a 100% ilonised beam can be focused and
accelerated to energies high enough to penetrate the
substrate. This last process is commonly known . as ion
implantation. Ion hombardment of the source allows a wider
range of materials to be deposited, as well as, the
production of thia optical and electronic films. '

CVD covers a breoad range of proceéses, all of whiéh 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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Figura;2.2;3. Reactions involved in CVD
process®,

displays the different reaction types involved in CVD
processes. Generally, three stages are involved in these
processes, '

(i} Production of the volatile carrier compound; eq.
nickel carbonyl ; '
(ii} Transportation of the reagent gas - without
.decomposition - to the deposition site ;
(1ii) Chemical reaction to produce coating on
substrate.

These stages may be distinct in both time and space,

or, they may all occur simultaneously. An =xample of the
latter is the gquartz-iodide lamp where the tungsten
filament 1is 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 thickness. CVD is probably
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ﬁnique 'for ‘its ability to make pyrolytic ‘carbon and
pyrolytic boren nitride.

Substrate c¢leanliness requirements are less stringent in
CVD than with PVD, 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(l0pm-1imm), is usually
greater than that of the underlying substrate.

As with PVD, ionisation of the reactive sgpecies 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 enhanC1ng 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
10gm/hour. Russian workers have been reported to be
producing coatings in excess of 1lmm thickness. Diamand
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 'contro'l_.r and high capital
expenditure. Other limitations of these techniques, are the
low deposition rates which are achieved. For example with
sputter ion plating, coating rates cannot exceed
0.1um/hour. '
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2.2.3. Thermal Spravifng Procosses

In thermal spraying‘processes, consumable coating 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
workpiece. These hot particles form inter-locking splats
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 compositions may be
deposited provided there is a stable liguid phase.

Metals, ceramics, carbides, or plastics, or combinations
of these, may be deposited. As such, the strength of hond
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 c¢oating
material and the temperature at which it strikes the
workpiece, and, the impact energy of the molten particles.
Coating adhesion depends on the same factors with the
surface condition of the substrate having significant
influer.ce. For adeguate adhesion properties, surfaces must
be tlecan and suitably roughened. Adhesion strengths of
thernally 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 substrate.

Thermal spraying processes fall into two categories, namely
the 1low energy and high energy progesses. The former
processés 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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Eigﬁré.2.2;4. Oxyfuel gas wire spraying®.

finds application where components to be coated are ‘large
and 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, corrosion could penetrate the coating
through these pores. Examples 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, reduced porosity, and improved adhesion strength.
Moreover, these processes are suitable for materials with
higher melting points, thersby extending the application of
sprayed coatings to include resistance to thermal and
mechanical shock, and wear resistance. Another 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, eyg. steels, and coating, eg. 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 resistance and thermal
conductivity of ceramic and metal are combined.

Thermal spray processes are lihe of sight processes.
Therefore, surfaces to be coated must be accessible to
spray gung chusen for a particular process. Small recéesses
and holes pose a problem._Fﬁrthermore, 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. Physicai and Mechanical Propertias of
Coated Materialg '

2.3.1. Hardness of Coated materials

The hardness of a material can be defined as its resistance
to permanent deformation®!., Hardness of bulk material can

- guite easily be determined using macrohardness testing. In

other cases, for instance those of distinct microstructural
features or thin coatings, microhardness testing becomes
necessary. However, 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 errorxr 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
exrror, for a specified accuracy of the testing machine; is
reduced®™ . However, the shortcoming-td 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
watings have to be assessed. '

Assessing the microhardness of coated materials directly,
by measuring indentations on the coating is a complex task
invelving a number of complications. Conventional
microhardness machines employ indenters which press too
deeply into coated samples, le. 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 um, whereas the indenter depth lies in the
range 1-2 pmi®, The maximum depth of indentations is
usually not greater than one seventh the length of the
diagonal. ' ' -

In recent years, the lncreasing use of wear resistant or
protective coatings has created a nesd for proper
characterisation of coatings and their propertlies. Among
the important properties requiring characterisation is
hardness. Characterisation of thir £ilm(1-10um) hardness is
difficult since such films require indehtation depths
between 0.1~1 um to give what is referred to as "true" film
hardness. By "true" film hardness it is meant a hardness
independent of and not -influencerd by the substrate
material ¢2, ' ' '

To achieve film-substrate independehcy with respect to
hardness, the f£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-ceating interface proximity. In
doing so, the effects of substrate hardness on coating
hardness is eliminated. In practice, indentation depths of
0.1«~lpum 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
researchers quote hardness values for thin films that have
been obtained from specially produced thick films(often
still less than 10pm thick), using the minimum load that
produces -a measurable impressic- Interestingly enough,
such values tend to be higher than those iisted for the
bulk material in literature, One of the main reasons for
this is the fact that hardnéss_is not a'material congtant
but wvaries with load®%. '

Alternative-methods to measuring thin film hardness by
smali indentations aim at acdounting 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™! combines substrate hardness Hs, and
film hardness Hf, to give a "composite"™ hardness He using
the equaton, '

H, = H, + O (H. - H)

where,

He = cémpOsite hardness ;
Hf = £ilm hardness ;
. Hs = substrate hardness; _
« = gmpirical factor independent of material.
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Alpba 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
extent the coating influences composite hardness. For
relatively thick, hard ceoatings(5-10pm) on less hard
substrate, it was found that coating hardness could be
established when indentation depths were less than one
tenth_the coating thickness.

A mors recent model proposed by Jonsonn and Hogmark®
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
gase is calculated according to the relation,

' B, - B,
e .H’? o (2.G. (/D)) - G- (t/D)’]

where all varlables are as in the abdve equatidn, and, G is
a geometric factor.Hc and Hs are calculated from the
Vicker’s hardness formula,

ge 1854.,4 P
d?
where,

P
e |

|

load in g;
average length of diagonals in Hm.

The application of +this model in measuring the
microhardness of nitrogen implanted layers on steel was
carried out by Bredell and Malherbe®!. Their results
showed that there is a critical dependence of hardness on
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£ilm thickneés.'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 substrate materials, compelling one to quote an
average hardness value. Moreover, the scarcity of reliable
hardness data for thin films makes 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 c¢an 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. o ' o

2.3.2. Influence of Residual Stresses

Residual stresses induced by coatings have a considerable'
inflience on substrate materials. To appreéiate 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 lntroduced 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 kind"¥,
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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', : o o

(1) 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 4in 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%". 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 thst they
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
in..ease fatigue strength even in the presence of tensile
residual stresses. An interesting example of this is found
in decarburized surface layers, Loss of carbon produces
tensile residual stresses, but the low notch sensitivity of
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ferrite in the surface layers can increase the fatigue
~ strength®®,

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 the
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
stresses 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 goated
~material. Figqures.2.3.1.(a) and (b} illustrate the eight
types of residual stress dlagrams encountered. Each diagram
can be described as follows, w1th an example given for each
case,

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

Type 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,
eg. in steels impregnated with strong carbide~forming
elements or steels with an austenitic region beneath the
diffusion layer.
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(a)

{b)

Figure.2.3.1. Basic(a) and Auxiliary (D)
diagrams of the distribution of
axial residual stresses™,.
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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 suxface, eg. electroplating and
- decarburized surface layers.

Tvpe V ~ Residual tensile stress with a maximum_:t the
éurface, which can be transformed into compressive stresses
with a maximum at the metal-coating boundary, edg.
electrodeposited diffusion/composite coatings.

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

Auxiliary types -~ These are variations of the above
types, the difference being that the maximum intensities .
are not situated at the surface or metal-—coating/diffusion
layer boundary, but rather at a depth smaller than the
coating/diffusion 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 most of those encountered
in practice. Exceptions occur in cases where the stress
distributions.are more complex as in the case of laminated
materials ov composite diffusion coatings.
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2.4. Physical Ghemistry and Metallurqy of Melts

In thie 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. '

2.4.1. Iypes of Melts

Variations in the nature and properties of melts are due
mainly to the differences in the components making up the
melt. These differences are highlighted below®? ¥, '

(1) Ionic Halides -~ As implied by the neme, these melts
are made up of salts comprising a metal and non-metal
(halide), ea. NaCl, KCl, Nal. Generally, melts of this kind
‘have relatively high conductance. This stems from the
strong ionic character of the constituents. ' |

(i1) Non-Ionic Halides - XExamples of such melts are BeCl,
and 2nCl,. These melts may be distinguished from the
previous 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 as FeS, Cu,S, Ni,$,, 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 Cu,S5, the conductance increases as the
concentration of sulphur increases. '
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(iv) Stable polvatomic anion melts -~ These are melts
containing polyatomic anions like NO¥, NO?*", CO,*" and SO,*".
Typical melts of this type are those containing nitrates,

nltrltes, sulphates and carbonates. The polyatomic anions

listed above, are preserved on melting, ie. they are
gtable. '

(v) Ozides - 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 B0, Si0;, GeO,

and P,0;. Melts of these oxides have very hlgh viscosities
and very low spec;flc conductance. '

Ionic oxide melts on the other hand, have very high

conductances, even higher than those of icnic«halide melts.

Oxides falling into this category are Cr,0;, TiQ,, V,0s,

Bi,0,, FeO and MnO. The high conductance of these melts

arises primarily from two conduction mechanisms®”. One

mechanism inveolves electronic conduction arising from °
normal semi-conduction, where conducting electrons are not

localised, ie. they move between ions of different type.

The second mechanism involves the movement of localiged

‘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, eg. Cr¥*/Cr® or Fe?/Fe*. With these
melts, very Jittle change in conductance occurs with
meliing. The process of fusion has little effect on
electron movement, but enormous influence on ion movement.

In spite of the complexity of electrical conduction in
liquid oxides, it is convenient when cunsidering structure
and reaction mechanisms, to regard them as consisting
primarily of metal and oxygen ions. The structure of liguid
oxides differ from the corresponding solid with respect to
coordination numbers, nearest neighbour distances and so
on. With some oxides, complex ions may exist alonge ' e the
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simple dxygen and metal ions®®,

(vi) Network-forming 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(Si0;), phosphate
(P,0;) and borate(B,0;,) melts, which form part of the
covalent group of oxide melts described above, are
remarkable for their tendency to supercool and form selid
glasses, unlike other melts which crystallise on cooling.
Glasses are supercooled liquids which do not have sharp
melting points, but soften gradually and eventually become
fluld due to the centinuous fall in viscosity with rising
temperature®®, 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 ligquid B,0, have shown
that the basic building units are BO,-triangles which share
‘corhers with each other. The difference between the regular
crystalline lattice and that of glasses is illustrated in
Figure.2.4.1, where the oxide M,0; represents B,0,. In both
cages (a) and (b), the structural unit is the MO, (BO;}-
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 glasses unlike regular crystals do not give
sharp, well-defined X-Ray spectra®?, '

2.4.2, Reactions hetween ioric and rnetwork-formi

It is important in the light of this project to understand
the physicochemical reactions which occur when an ionic
oxlde like Na,0 is added to a glass-or network- Forming
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Figurh.z.d.l; 2-Dimensional representation of an
oxide M0, in (a)Crystalline form
and (b)Glassy form®?,

oxide like B,04;, since these two oxides make up the

Ionic oxides added to glass~forming oxides can be separated
into two groups according to the functlons they perform
within the glass structure®. 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, eg. aluminium oxide. The latter group, eg.
Na,0, more ralevant in this case, are incapable of building
up a continuous network structure and as such thelr effect
on the glass network is usually to weakein it.

The changes which occur when N&,0 is added to B,0; are well
represented by those which take place when Na,0 is added to
silica glass. This is so because 810, and B,0; are oxides of
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. the same type. Addition of Na,0 to Si0, causes structural
| changes to the network as shown in Figure.2.4.2, where the
oxygen bridges between S::.O.,-groups are broken down. There
are now two non~bridging oxygen atoms between SJ.O.,-groups,
one of which has been contributed by Na,0. Thus Nay0
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@%,

The first crystalline structures which can bhe formed when
ionic-oxides are added to silica have the general formula
M,0, 2810, (=Na,0.2B,0,) . These s_tlructures are stable only when
the cations are large and univalent, eg. Wa® or X'. When
divalent cations are added, eg. Ca®*{Ca0) or Mg? (Mg0), one
cation is present for each palr 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 Figqure.2.4.3.

Higher proportions of Na,0 cause progressive breakdown of -
the silica or borate netwezk, resulting in different
structures. Reaction between Na,0 and B,0, gives rise to a
branched structure. XRD stu_dies ‘indicate that B,0, has a
coordination number of 3.1 at room temperature. Addition of
Na,0 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
transformation from three teo four is thought to be mainly
responsible for the anomalous behaviour of borates with
respect to viscosity and temperature. Figure.2.4.4 displays
this behaviour of barates.

Unlike silica and phosphate mixed with Na,0, the viscosity
of Na,0.B,0, increases initially and then decreases to a
mole fraction of 0.33 Na,0. Thereafter it decreases again.
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Figure.2.4.2. Reaction between sodium oxide and
- silica tetrahedra®”, '

Q Bridging oxygen fon
¥ Non-bridging orygen tan

Figure.2.4.3. 2-Dimensional representation of the
structure of soda-silica glass®",
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This is attributed to the progressive weakening of the
structure due to breakdown of B-0~B links, allowing easier
expansion of the borate structure.There is nonetheless an
overall decrease in viscosity with increasing Na,0
percentage. The relation between viscosity and temperature
for glasses is important in a number of ways. For instance,
a low vi8cosity'favour5'rapid rise of gas bubbles through
the meit, thereby rendering the melt falrly free of gast®”,
The addition of Na,0 to B,0; is significant in this respect
since it decreases the viscosity of the melt as shown in
Figure,2.4.4, '

Ancther importaht property of the melts described here is
their conductance. The conductance of silicate melts is
always raised by addition of netal 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 heen reported for cations in glassy
Na,0.B,0; at 300°C. Figure.2.4.5 shows the decrease in
activation energy for electrical conductien([Eklp) with
increasing MO percentage for borates. It can be seen that
at 50% Naio,'there is a fair increase in conductance with
a corresponding decrease in [Ek]lp®”. '

2.4.3. dpplications of Borax

A knowledge of the uses of horax salt would shed some light
on the way it finctions in the salt bath. Boric oxide (B,0;)
is often used as a fluxing agent for decomposing and
dissolving analytical samples. When the decomposition of
samples which are to be analyyed by conventional methods is
'slow, or in some cases non-exlistent, fluxes such as B,Cy are
employed?®?, 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®®, The high concentration of flux is
required for successful fusion of the sample. Fusion
inveolves 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 of significant contamination which may be
introduced by the large amounts of flux used.
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Lastly, some attack by the flux on the crucible material
also results. Boric oxide ‘is an acidic flur which gives
rise to high wiscosity melts with very low electrical
conductance. Addition of Nay,0 to B,0; renders the melt more
- basic, decreases its viscosity and increases conductance.
As such, borates form part of the baslc group of fluxes®4,
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2.5. MM
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 immersed in a salt bath®®.

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 compriged additives such as V, Cr, and Nb.
The degition 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 ¥,

2.5.2. Processing Yechnicue

- One of the outstanding features of the TD process is its
simplicity, especially when compared to other carbide
coating processes like CVD. Materials to be treated are
gimply placed in a heat resistant pot eontaining borax and

44



carbide formlng addltlves which in turn is placed in a salt
bath furnace, as shown by Pigure.2.5.1.

Operating temperatures are gquite 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®®®, Figure.2.5.2
outlines the steps invelved in processing components by
this_prdcess. These are as follows :- | |

(1) Component degreasing - Ensures coatlng uniformtty
and good adhesion properties ;

(2) Component preheating - Done in an ordlnary heat

' treatment furnace to prevent cracking and

. distortion due to raplid heating in bath ;

{3) Immersion - Layer thickness varies with bath
temperature, time and substrate composition ;

{4} Hardening - Quenc¢iiing in air, o0il or salt to harden
~components if required, since bath temperatures are

_ clogse to those required for hardening steels ;

(5) Tempering - Included if treated parts are rapldly

quenched ;

{6) Cleaning ~ Of attached salt, which is easily
accomplished by boiling in hot water ;

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

Some noteworthy features of the TD process, which can be
overriding if selecting a particular carblde 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 pollution or complex waste disposal;
{v) Low cost with long bath, »nd pot lives.
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2.5.3. Growth Mechanism and the Formation
of Carbids lavers -

Arai® 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-freé energy of carbide formation of the various
bath constituents. This is indicated by Figure.2.5.3.
Elements having free energies of oxide Fformation more
negative than B,0;, eg. Al or Mg, reduce B,0; in the bath,
resulting in the diffusion of active boron into the steel
to.form boride layers comprising Fe,B 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 B,0,, and fr¢? energies of rcarbide
formation more negative than that of Fe, eg. V, Cr, and Nb,
combine with carbon in the steel to form a layer of VC,
Cr,C; or CryCq, and NbC respectively, as these elements do
not reduce B,0,. Finally, elements with more positive free
enérgies of oxide and carbide formation do not reduce B,0,
or form any carbide, eg. Co. Interestingly enough, it was
found that under certain conditions these elements diffused
~into the steel to form alloy layers of Fe-Ni or Fe~Co.

A model proposed by Arai®®® representing the growth of
“carkide layers by this process is illustrated in
Figure.2.5.4, Initially, the carbide forming element
dissolved in the molten borax combines with carbon at the
steel surface to form a véry 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.
Virtually none of the substrate elements are found in the
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carbide layer, as they have a low speed of diffuéion.in the
layer. By contrast, the carbide forming elements diffuse
into the base metal to a small extent®®,

It appears_however-that the mechanism of carbide formation
is more complex than implied by this discussion. Child et
al.®® found the state of oxidation of the reactive
species, ia. carbide forming element, to be critical to the
Formation of layers. They speculated as to whether che
iayer 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, eg.
Vv, oxidised rapidly under certain conditions. No VC layers
formed on steels treated in small stainless steel crucibies
containing about 1kg borax with 10% ferro-vanadium(-100
mesh), when the bath 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®®. The
addition of ferrc—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 dark glassy slag of vanadium oxide and
borax. Child et al.®¥9 also found that VC layers formed
satisfactorily on steels immersed in 2kg borax baths, when
a blanket of argon was - maintained over the meir.
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 ian diameter and 1500mm in
depth. Much of the early work performed by Arai® used
small graphite crucibles and presumably avoided oxidation.
Oxidation may occur at the salt/air interface, especially.
if the bath is stir.ed. Durihg melt-down of fused borax
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powder there may be oxidation by entrapped alr, since borax
contains about 4% moisture. '

It was stated'-pre{riously that Child et al.%® Ffound 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,
@stablished the temperature/solubility data listed in
Table.2.5.1. The borax glass' containad about 2% V 1h
solution.

Tabla.2.5.1. The solubility of carbide forming elements
in borax®®

'_: Tempera.t‘.ure( C) _

Qualitative chemical analysis revealed that baths were
‘active when vanadium was present in the tri-valent state,
le. as V,0,. This finding was confirmed by XRD analysis of
residues extracted from baths, Child et al.®® 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 V,0;, has a value of ~456,1 kJ/mol V compared
to ~518.8 kJ/mol ¥ for V,0,. Based on these results, Child
et al.® concluded that ferro-alloys do not dissolve as
metals in fused borax, but are first oxidised.

Similar studies®® usirig ‘ESR{electron spin resonance) on.
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samples from attive Nb-containing baths ruled out Nb,0s as
the reactive oxide. The results of these studies alsc
suggest a lower oxide as the reactive species. This is
again consistent with frea energy data, with Nb,0, having
a value of ~564.8 kJ/mol Nb compared to -~669.4 kJ/mol Nb
for Nb,0.. As indicated in Tabla.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_tha following
variables. - ' ' :

(1) Amount of ferroc-alloy added ;

(2) 8ize of powder used ; '

{3) Bath temperature ;

{4) Agitation ; o
{5) Prevailing bath conditions - oxidising/reducing.

Another crucial factor determining how active the bath will
be, is:the concéntration_of the active ozide. ‘In this
regard, the graph shown in ¥igure.2.5.5 was established.
This shows the time taken for 2kg Fe~Nb baths to reach
gaturation 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 8% Nb content is
insufficient teo saturate the bath after the same period.

Child et al.®*® also found from XRD studies on undissoclved
particles of ferro-alloy that the iron content of these
particles increased while the reactive eclement, 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. '

Aral et al.!®® found that the thickness of layers formed on
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different.'steels immersed in baths containing ferro-
vanadium, varied with dipping time according to the
equation, '

d? = K.t

whefe,
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 al.®® also determined the
rate constants K, from the equation abcve. K varied with
temperature T(Kelvin) according to the equation,

K= R;.exp(—jé%f)

where, Ko = constant;
' Q = activation enerqgy;
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. O was considered to be the activation energy
for carbon diffusion in the carbide. '

The rate of layer Fformation is affected by temperature in
the manner shown by Figure.2.5.6. However, this suggests a
linear relationship between thickness and time. By
contrast, some of the graphs presented by Arai®} show a
parabolic relationship. The former relation suggests that
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layer formation is controlled by reaction rate in the bath,
vwhereas the latter relationship implies'afdiffusiOn rate
‘contrelled 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, meaning
that if a sufficient amount of reactive oxide is not
maintained in the bath so as to provide the bath/layer
interface with a constant supnly of the reactive speciﬁ

it then becomes reaction rate controlled. The reason ftr
this is that the bath would becone depleted in reactive
oxide, and the growth of the layer will be limited by the
rate of feaction_in the bath. The deterioration of baths
with age, when no addition of ferro-alloy is made, is shown
in Tabla.2.5.2, which indicates that an insufficient supply
of reactive species to the bath would limlt layer formatlpn
in ‘the manner descrlbed above. '

According to Child et al.®@®, repeated agitation is
essential if full advantage is to be taken of the ferro-
alloy in the bath, They also suggest that make-up additions
~be made at regular intervals, with agitation to promoté'
controlled oxidation, because layer formation is often
reaction rate controlled as described above. They conclude
that the layuer 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 frem this that Cr has a siightly
higher rate of formation than the otlier carbide types.
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Tabla.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®%, '

' Bath Age(Hours) ; Layer Thlckness(um) - :'

9.4

5.2

No layer -

2.5.4. pPropsrtiaes of carbide layers and coated materials

Carbide layers formed by the TD process are claimed to be
pore~free and dense. Furtharmore, the ‘high processing
temperatures employved encourages mutual diffusion of atoms
between the layer and steel substrate, providing such 1arge_
bond strengths, that the layer does not exfoliate in severe
service conditions, eg. cold forging. Layers formed consist
of carbide only, free from any binder phase(®s!,

In addition, these layers scarcely decrease the toughness
of the substrate material, Coated materials are
characterised by an exrcellent 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®?,
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Due to the inherent brittleness of carbides, too thick
coatings are likely to cause spalling and emhrittlement
problems. Also, increasing layer thickness did not affect
toughneSs to a great extent, although it ﬁtd decreaSe'the
critical-strain at which microcracks were induced in the
coating®®, |

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 maihly-from.
carbon digsolved 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®. 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®, 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
chromjum powder, In the case uf VC and NbC, layers form. i
on the steel surface, with no layers forming inside the
steel. However, in the bath containing Cr powder, a Cr,Cy-
layer was formed on the initial boﬁndary sﬁrface, 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 Cr,C; and steel. '

Child et al.®® found that VC and NbC coats 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),C; and an inner layer
of (Fe,Cr):Ce with_ iron conteﬁt increasing as the
layer/substrate interface is approached. Slight diffusion
of chromium into the steel; as well asg intrusions of Cr~
carbide were also found. In the case of Cr-plated steel,
carbidg- coatings are formed over a Cr-carbide layer
produced from 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 al. performed extensive tesusi?230.32.3% yq
determine the properties of coated materials. These results .
. are discussed below. In many instances, results obtained on
TD treated specimens were compared to results cbtained from
specimens treated by other processes, eg. CVD.

2,5.4.1. Hardness

The hardness of these layers varies according to the type
of element added to the bath. VC layers are claimed to¢ have
hardness values ranging between 3000-4000HV. Moreover,
these layérs' 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 al.® evaluated the microhardness(HV0.02) of VC
layers to lie between HV2100-2700. They determined the
hardness of the other carblde types to be as follows :-
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Figure.2.5.9. Variatibﬁ in hardness with carbide
' spacies ., : '

CrsCe = 1100-1300 HV0.02;
Cr,C; = 1700-2300 HV0.02;
NbC = 1900-2500 HV0.02.

2.5.4.2. Qxidation rasiétance

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 600°C, oxidation was observed on VC and NbC
coated specimens. The Cr-carbide coated specimens were not
noticeably oxidised even at 800°C.

2.5.4.3. Toughness

The effects 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

59



Table.2.5.3. Effect of carbide coating on toughness®®,

-} Bubstrate Impact | Rupture |
f§ Treatment Hardness | Strength{ Load |
i Condltlons {HRC) {(J) (ke) :

_ Hardened
? 1000°C, 1/2k

I NbC Coated
(6pum thick) |

§ VC Coated
i (6um thick)

_Hardened
1000°C,1/2h | 48.8

| STATIC §

| BENDTNG || Noc Coated - I es0
' | (6pm thick) | s0.0 [ -

specimens. The heat treétment contitions which test
specimeﬂs were subjected to, and, the substrate hardness
are also indicated in the table. As can be seen from these
'results, coated specmmens did not show a rnductlon in the
rupture load or 1mpact strength

2.5.4.4. Corrosgion rasigtance

Specimens treated by the TD process have shown excellent
corrosion properties in various types of aqueois
solutions (Table.2.5.4) ., It was observed, however, 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 has been suggested
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Table.2.5.4. Comparison of corrosion resistance of coated
pecimens in various aqueous medla(Room
temperature, 50 hours)“”

" Coatad -

SOLUTION f Cr-Carbide

10% HpO, §

10% HNO, §

10% H,50,
50% H,50,

10% HCL |
B 20% HC1 |
|  36% HC1

XX X X|O[OITO] O]

>

evereMCOrr051on,"
0 = No Corrosion:
{(-) = Not tested.

that appropriate selection of substrate material or coating
conditions are means of minimising pore formation, thereby
1ncreas;ng cow.opsion resistance.

2.5.4.5. Wear resistance

Tests done by Arai et al.®® revealed that the wear
resistance of coated specimens varied with variables _
such as carbide species or substrate hardness. A comparison
of the wear resistance of VC coated specimens against the
wear resistance of specimens treated by other methods, as
obtained in a sliding test against textile fibre, is
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provided in Figure.2.5.10. Tetron or cotton fiber was slid
over specimens at a speed of 650m/min, with the tension in
the fiber fixed at 50g. T+~ depth of wear scars obtained
for total sliding distane.. .dvered of up to 1000km was
recorded. These wear tests show the superior performance of
TD specimens.

The effect of substrate hardness on wear resistance of TD
treated steel is evident from Figure.2.5.1l, which shows
that TD coated substrate steels with hardness asg 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 suhjected to a wear test in which
coated specimens of this material are used to crush silica
sand, with engine o0il being used most probably as
lub:icant.-The VC coated specimen with a substrate hardness
of 39.0 HRC showed the poorest wear charaet&ristics._Second '
to this was the hardened specimen. Those. specimens with
substrate hardness above 39.0 HRC displayed 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.' o

The type of carbide also has significant influence on the
wear resistance 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 processes as indicated and used in compression
tests on 1010 steel strip. A compression ration of
D.5(1.8mm to 0./mm 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 showed the lowest wear depth for a
particular number of shots.
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2.5.5. Applications of the TD process

The applications of this process are numercus and those
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 c¢an e obtained, is provided in
Table.2.5.5. Component life was increased in almost all the
applications listed here, implying that significant savings
- can be made using the TD process. The corresponding "life
inuiease to cost increase" ratio should also be noted. |
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'Table 2.5.5. Typ:cal life improvements achieved by TD
' processing of tools and dies®l,

: | Life increase
¥ Life 1ncrease
Factor _

Cost increase

Piercing Punch

Cold Forging = |

Punch 5 - 10 2.6 - 5.2
Alﬁminium Die~ | I_
Casting Dies 2 - 10 -
Hot Farging.Die 2~ 35 -
“Extrusion Die 2 - 15 -
] Plaétic Moulding §

5 - 10 S E

From the information presented here it appears that the
potential - of coatings produced by the TD process for
various dpplications - wespecially those rugquiring wear
resistance - is good. . ' "
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3., EXPERIMENTAL PROCEDURES
'3.1. Preparation of Experimental Materials

Initial experimental work ='..iméd at producing VC coatings
owing to the greater potential of this coating. It was
nr.oessary at this stage to perform a series of exploratory
tests. Before such tests could be executed, however, a
number of procedures had to be 'es_f.ablished. These
procedures are outlined below.

‘The carbi’de—forming compounds, ie. ferro-vanadium{FeV) and
vanadium pentoxide (V,0;), were reduced to -500um to render
~them more reactive in the bath. The FeV was received in the
£.rm of chunks, and the V,0; in the form of flakes. Both
- vanadium-containing additives were reduced to powder by
crusliing and pulverizing. The FeV was much harder than the
V;0s and therefore more difficult to crush and pulverise.
Chemical analyses of the FeV and V,0; powders are provided
in Tabla.3.1 and Tablae.3.2 respectively. The vanadium—
content of the FeV was high (80.5%) with a low level of Si
and Al impurities. The V,0; content of the pentogxide 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 nm
size range only. According to. Child et al.®®, particle
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 pleces of
strip which were cut from pure 21(99,9% Al) shest. Steel
specimens used in these tests were cut from rod{diameter
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Table.3.1. Chemical Analysis of Ferro-Vanadium,

» PERCENTAGE '7

80.5

13.8

* = Ay determined from carbon analysis;

Tabla.3.2. Chemical Analysis of Vanadium Pentoxide.

0.015

99.941

* = Ag determined from carbon analysis;



= 16mm). Mild steel(0.2% C) and EN9 steel(0.5% C) were
treated. Piecas of average length 15mm were cut from these
rods, and holes(dlameter = 3.5mm} 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 mm;

‘Wall thickness = 10 - mm;
Depth of pot = 200 mm.

These dimensions allowed for a maximum bath size of 1.5 kg
of Dborax in granular form. Upon melting, the salt
" gontracted 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 Thicknesas

Coatling thicknesses were measured by use of the optical
system of a microhardness testing machine. Using this
facility, 1{ or 15 readings were taken and an average
thickness established. The thickness values quoted in this
work are the éverage values.
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' 3.2. Exploratory Tests

As mentioned earlier, a number of exploratory tests were
performed to gain some insight into the conditions under
- which goatings could be prodﬁced The conditions of these
exploratary tests in terms of temperature r time, and, bath
comp081tlon, etc., are listed in Table.3.3. As can be seen;.’
the treatment temperatures ‘chosen were intermediate to
those listed in the literature(850-1150°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 with time,
It must be stated that the use of the term "bath activitcy®
refers to the thickness of coatlng produced on a glven
-substrate material in a given time period and at a spec1flc”
temperature. Thus, a bath producing a thicker VC ceating
was ‘regarded as having a higher "activity". o

Overall, the purpose of these tests was to :-

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

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

3) Use coated specimens obtained from these tests to
characterise the nature of the coatings 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_fdr Exploratory Tests.

TEST | COMPOSITION : _
. No. | (% of borax mass) | (kg) | (°C) |MATERIAL | (h) (Z/R) §
1. | z0swev  |1.0 [9s0 [o.5 7 .
2. 10% FeV 1.0 950 | 0.5 3 I
S 9
3. | 20% v,o, 1.5  [1000 |o0.2 12 R
o 24
f 4. | 20% V,0, + 5% AL | 1.5 1000 (0.2 . *5 R
15
20 |
ﬂ 5. 10% V,05 + 5% Al | 1.5 1000 1} 0.2 *6 R
| - S 8
34
P g
6. | 10% Fev + 5% Al {1.5 0.2 6 R

11000

# : 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 prbdur:ed on specimens which were simply immersed
in baths with compositions as listed in Table.3.3., For this
reason, these baths contained only borax mizxed with carbide
-forming compounds, ie. FeV and V,0;. Accordirg to Child et
al.®®, yc layers cannot be produced in baths containing
only V,0; as the bath additive. In tests 3, 4, and 5
aluminium was added to the bath. The importance of Al was
realized from the resui’_c.s of previous experiments and this .
will be discussed in greater detail in Sections 4 and 5.
Treatment times marked with an asterisk(*) indicate the
1ife 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
howeVer, 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 continuation of test No.3, where the effect
of 5% Al addition on the activity of a bath containing only
20% V,0; was studied. Test numbers 5 and 6 compare the
activities of baths containing 10% V,0s(plus 5% Al) and 10%
FeV(plus 5% Al) 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 cbtained 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.S5.
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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 mz.cros;ructure,
hardness, and campositlon. '

3.3.1. Microscopy of VG 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 he more
effective in presérving the edges of specimens and hence
the coating during grinding and polishing. Mounted samples
were given a final polish using 1pm diamond paste and
etched in 2% Nital. Specimens were examined by optical and
electron mlcroscopy in both the polished and etched -
conditions. ' :

3.3.2, Determination of Coating Hardnass

Ag stated in Section.2.3.2, evaluating the hardness of thin
coatings is not simple, since hardness is influenced by
both the substrate and the loads used. A number of methods
are available for establishing the hardness of thin VvC
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®®* 4  yowever, that this method still yields
hardness values which are considerably lower than those
reported for the bulk material.
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" An alternative method is to perform hardness tests 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 the 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 1Dw to avoid
. penetration of the substrate by the indenter. However, the
hardness values obtained may be influenced by the
properties of the substrate even when the indentation does
not penetrate the coating. This is 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 15im 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 metliod.

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
Diffraction (XRD) analyses.

3.3.3.1. EDS of Coatad Sprecimens

The composition of the coatings was agsessed by both
qualitative and quantitative EDS analyses. Qualitative EDS
analyses provided information regarding the major and minor
elements in the coatings and approzimate proportions of
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SUBSTRATE | VC COATING

indentation

T Ao~

Pigure.3.1. Pogition of hardness indentations in

coated specimens.

these elements. Spot analyses provided information
regarding the composition of the cvoating 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
technique could 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 c¢arbide layer., Area
analyses and line scans were performed in addition to spot
analyses. An area analysis allows one to evaluate a
relatively large area of the VC layer. A spot analysis
usually provides informac.ion on the composition of a very
small volume of material, typically 1lum®. The volume of
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material aff\ “ted depends on instrument settings and the
density of the material involved. A line scan provides an
analysls 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 prezented in
Section.4.2.3.1. | | | o |

3.3.3.2, XRD of Coated Specimens

Samples treated in V,0;~ and Al-containing baths ‘were
selected for XRD. A number of XRD scans were performed on
these samples using various diffractometer speeds to
cptimise the quality of the diffractograms obtained.

'3.4. A Detailed Study of Baths conmtaining V,0. and Al

It was stated previously that a detailed study of the.
thermal diffusion process would be made on the lbasis_ of the
results obtained from explori >ry tests, as well as, the
results cbtained from analyses of coated specimens. The
decision was therefore made to investigate baths containing
only V,0; and Al as additives. Apart from the fact that FeV
has a fairly high iron content (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 V,05(99.7% V,05; 0.04% Fe;
0.015% C), 1little information regarding v2054-containing
bathg is to be found in the literature. It is important to
note at this stage that the V,0; used in these tests
contained 89.7% V,0;, 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 activity and coating
conditions. These variables required 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 Tabla.3.4. ' -

' Pable,3.4. Process Parameters Studied.

Bath Composition | 10% V,0, and 5% Al

HE) Treatment Temperature

950 °C N

'ué) Substrate Carbon Content 0.5% C

5) Treatment Times 3, 6, 9, or 1l2h

6} Partlicle Size of V,0, -500 Um

H?) Surface Finish of Samples f Machine Ground

8) Specimen Height above 20 to 30 mm

_ bottom of pot

O e T

It must be stated however, 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, & range of temperatures were used rather than
950°C. A description of the experimental procedure used to
study the effect of each parameter is given below. The
objective behind each step is also outlined.
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3.4.1.'nfg1gg of Temperature on Coating Thigkness :

To study the effect of temperature on the thickness of
coating produced in a giwven time period,_tﬁmperatures of
950, 1000, and 1050°C were employed. A"standard_ bath
composition{10% V,0, and 5% Al) was used and sanple: were
treated for 3, 6, and 9 hours.

3.4.2. Ipfluence of Substrate Carbon Content on Coating

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

3.4.3, Effect of V.0, Content on Bath Activity

Three different bath compositions were prepared by varying
the concentration of V,0; in the bath. The concentration of
V,0s 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 V,0q
concentration changed, and, as the concentration of V,0;
added approached that of the Al, ie. 5%.

3.4.4. Effect of Aluminium Content on Bath Activity

In thesé tesﬁs, the V0, content of the bkath was Xkept
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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. Effect of Bat osition on Coating Thickness
~ Broduged '

The effect of bath composition on coating thickness was
investigated using two different baths. One contained 20%
V.0, and 10% Al and the other 2% V,0; 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
would be reflected in the coating thickness produced,

3.4.6 Influence of Particle Size of V,0. on Bath Activity

The particle size of the reactants in the bath 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 vne considers the
greater surface area of finer particles and also, the fact
that there is a tendency for larger particles to settle to
the hottom of the bath faster, Three particle size ranges
of V,0; were prepared by crushing and pulverising the as-
recelved V,0; flakes. Four particle size ranges were then
tested under the conditions outlined in 'fable.3.4. These
ranges were as follows !

Range 1 ~ particle size < 0.5 mm _
Range 2 - particle size between 0.5 mm and 4.75 mm;
Range 3 - particle size between 4.75 mm and 2.5 mm;

Range 4 particle size > 9.5 mm(As-recelved V,0

flakes) .
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3.4.7. Change 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 for 25h and 50h and treating specimens for
periods of 5 hours. For both bkaths, 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 tYable.3.4.

It was expected that the coating thickness produced on
these samples would provide an indication of the changes in
bath activity with time. Such information would be
important in establishing the time availakle 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 detall in Section.5,

3.4.8 Effect of Bath Degth and Bath gge on Cnating

Thicknass Produced

Amaong 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 .mersed
during treatment. In this regard, it was envisaged that the
height of a sample above the bottom of the bath might have



considerable influence on the thickness of coating produced
given the fact that, the .=2actants tend to settle to the
bottom - especially those of high density - and, that
oxidation qccurs 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®® mentions the
deterioration of FeV-containing baths. Child et al.®®
mention the saturation of ferro-niobium containing baths,
stating that a 5% PFe-Nb with a 68% Nb content is
ingufficient +~ saturate the bath in 24h. A 10% Fe-Nb bath
of similar Nb conteuat 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 spacific
time period, prior to the immersion of any samples, would
be more active than one held at the same temperature for a
sherter 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. & 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 16mm holes drilled at
intervals of 90°. The holes were drilled at a distance of
l4mm awdy from the edge of the plate.
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A bath containing 10% V,0; and 5% Al was used in both cases
at 950%3.-Thé.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. Thus,
-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 oxder to evaluate the
average coating thickness on each segtion,. In so doing, the
variation in coating thickness with bath depth could be
evaluatad. |

3.4.9, Influenca of Surface Finish on Coating Thickne
Produced ' '

A bath containing 10% V,0 and 5% Al 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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Figure.3.2, Method of immersion OF sample Tods.

| . OXIDISED
COATED ZONE ZONE
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Steel Rod L \ \ \
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Borax Melt

?igure.B.S.'Method of sectioning of coated ENZ
steel rods, :
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1) Diamond polished{ljim);
2) Machine ground - Standard surface finish;
3) Sand blasted{grit size = -0.5mm}.

Thege 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
ocutcome ¢f a particular treatment. The results obtained
from the tests outlined above are presented in Section.4.2.

3.4.10. Analvsis of Baths containing 10% V,0, and 5%
: Aluminiuwm . . s

Samples were taken from melts containing 10% V,0; 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 underétanding the process mechanisms.

3.5, Corrogion Taesting of VC Coated Saﬁgies

A number of samples 15mm in diameter and 7mm thick were
prepared specifically for the purpose of evaluating the
corrosion properties of the VC coatings. A list of the
substrate materials used and the treatment conditions these
samples were subijected to is provided by Table.3.5. Dummy
samples were treated with each batch of samples for the
purpeose of obtaining an idea of the average coating
~ thickness obtained on the actial corrosion samples. These
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Table.3.5. Treatment Conditions of Corresion
| Samples. '

SUBSTRATE TREATMENT" 'TREATMENT
MATERIAL TEMPERATURE (°C) | TIME (hours) {

Mild Steel 950°C 4n
{0.2%C) _ - 6h
EN9 | 950°C 4n

(0.5%C) | 6h

#Samples treated in a 10% V,0; and 5% Al
Bath. | o

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 spldered 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 resin over 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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Sample —— Lacquer

Araldite —

Wire
Figura.3.4. Method of mounting of corrosion
' samples. '

deposiﬁs as the surface could not be ground afterwards.Once
mounted as shown in Figure 3.4, a measured area(0.5 to 1.0
cm?) of the surface of coated and uncoated specimens was
exposed by marking off such an area with Stop O0ff No.45
lacquer. A shortcoming of this method, however, is that the
interface between the lacquer and the exposed surface tends
to act as a crevice.

Such crevicing does have considerable effect on the results
one obtains from corrosion testing®® ™, However, due to the
nature of the VC coated specimens, the method of sample
preparation cutlined 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 to adopt the above
approach simply to¢ rank the corrosion propertises of coated
and uncoated substrate and for evaluating the corrosion
behaviour of the VC layers,
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With regard to the corrosion tests, both poténtiodynamic
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 pblarization tests -
also referred to as pitting tests - the standard practice
ASTM G61-78 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
practlce 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 graphlte auxiliary electrodes 1nstead of
the recommended platlnum electrodes.

' Por potentiodynamic testing, a 1N H,80, solution was used
at 30°C as the corrosive medium, while in the case of
pitting tests a 0.6M NaCl solution was used at 25°C. These
solutions were purged with N, gas for an hour prior to
testing in order to remove oxygen. All camples were
polarised at -900mv for 5 seconds prior to the start of a
scan. Such "conditicning" of samples was done to 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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3.5.1. Microgeopy of ggr:gsion Samples

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
Ve mbatings_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 contents in excess of
0.5% 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 llsted'
below,

1) D2 _and D3 - High carbon and high chromium
' containing steels which can be air or
0il gquenched; '

2) H13 and H21 - Hot working steels where H1-H19 _
'are Cr-based and H20-H39 are W-based .
© steels which can be air quenched; '

3) M2 ~ A Mo-based high speed steel waich can
° 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 alsa prepared for microstructural ex«tination.
Qualitative EDS analyses were ‘alsc performed on these
samples and the hardness of the steels was determzned using
~a 10kg load.

In the first tresatment 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, cyllndrlcal samplas were ground on
the two ends.

The two samples of each material were treated in a 10% V205
plus 5% Al bath at 950°C for 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 guenched, 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 steels had hardened, since the treatment temperature
of 970°C was below the austenitizing temperature of all
these steels except for the D3 tool steel ($25-1020°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 treatment.

It was stated above that the as-received materials were in
the annealed condition. As such, it was expected that most
of the carbon in the steels would be in the form of
carbides and that the matrix of the steels would be
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ferritic. This was expected to retard the growth of the
carbide coating because layer growth requires 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) ™, At temperatures below the austenitizing
temperatures of these steels this effect Was expected to be
more siguificant. '

In order to assess the 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 ferrite 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 sanmples, 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
ags~received material in a 10% V,0;, and 5% Al bath at 95(0°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 (HV10) were alsoc done on these samples to
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Table.3.6. Hardening and Tempering Conditions
used for the Tool Steels.

| coeprrTONsS HARDENING

QUENCHING

°c) | (min)

OF PEMP. & TIME | CONDITIONS
PREHEAT '
f Temp. Time 5 Quench Tqmp | Time
| Madium | (°C) | (min)

p3 I 540 | 30 I 1020 | 20 | gas | s40 | 60
E13 | 540 | 30 I 1050 | 20 gas | 540 | 60 |
i E21 | 600 | 30 ﬂ 1050 | 20 H gas | 540 | 60 I

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 ENS. As

before, the thickest ' coatings were chosen in order to
obtain indentations of measurable size.

3.6.1. Microscopy of VC Coated Tool Steels

VC coated tool steel samples were mounted in Epomat'epoxy
resin, which is much harder than lucite 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, Exploratory Tests

The results obtained from the exploratory tests are
provided in Tabla,4.1 which lists the coating thickness (um})
'against the treatment time(hours) and the process
conditions used for each test. From Table.4.l it can be
seen that VC coatings can be produced in baths containing
only FeV(Tests No.l and No.2), whereas nc coatings were
- formed in baths containing V,0; only(Test No.3).

Graphs showing the variation in coating thickness with time
were plotted using'the results listed in Table.4.l. The
graph in Figura.4.1l is a plot of the results from Test No.2
showing the growth of the VC layer with time on 0.5% C
steel samples treated at 950°C for 3, 6, 9, and 12 hours in
a 10% FeV bath. It can be seen that a coating thickness of
10um, which is regarded as being adequate for practical
purposes®, formed within the first six hours. The growth
of the carbide layer with time, in this case, appears to
foilow a parabolic relationship.

Figure.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% V,0; and were used to treat 0.2% C steel
samples at 1000°C 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.l. Results of Exploratory Tests.

| |  BatH BorAX | | % | COATING |
P rest |  composiTION | MASS | TEMP. | CARBON § THICKNESS |
i No. § (% of borax mass) | (kg) | (°C} | (wts) | |

1. § 203 Fev- | 1.0 | 950 | 0.5 § 7 10.0

2. 10% Fev 1.0 | 950 | 0.5 3 8.9

12 13.5

3. | 20% v,0 -| 2.5 | 1000 | 0.2 f 12| = -

a. ] 208 v0, + 55 a1 | 1.5 | 1000 | 0.2 s | -
15 4.
.

& W

10% V,0, + 5% AL | 1.5 | 1000 | 0.2 § * 3.
| | 18 6.
34 | 7

N B
MY

| 10% Fev + 5% a1| 1.5 | 1000 | 0.2 | ‘6 3.2
| - B 18 | 4.5

3¢ | 7.3
Y SR P ety gy P g T i s i ; T R SN St |

i
i
|
I

* : Time indicates bath age for these tests.
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Figuze.4,.1. Growth of VC layer on 0.5% C steel

treated in a 10% FeV bath for 3, 6, 9,
and 12 hours at 950°C.
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Figure.d.2. Comparison of the activities oFf baths
containing FeV and V_ZO';,.
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4.2. Analyses of VC Coated Specimens
4.2.1. Migrogtructure of V¢ Coated Spegimens

A number of interesting features were observed as faf'as
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 microstructural 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 ¢f 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 alr-cooled after treatment at 950°C.

The difference in the microstructure of the two substrate
materials can be easily distinguished. 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 demse. 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 (¥igure.4.5). Below this region, the microstructure
was typical of a 0.5% C steel, ie. large pearlitic gralns
surrounded by a ferritic network (Figure.d,6.(a)).In the
0.2% C steel, large grains of ferrite were present beneath
the carbide layer. This was alsg followed by a more normal
structurs of mild  steel comprising areas of pearlite
surrounded by grains of ferrite (Figure.4.6. (b)),
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Figufa.&.S; Appearance of VC coated 0.5% C
' steel. _
Btched nital, 400X,

Eiguré.é;d. Microstructure of VG coating on
0.2% € 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.

e {b)

Figui:a.dl.ﬁ. Microstructure of (a)0.5% C(400X) and
() 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 micrqscqpy-revealed what appeared to be
porosity in the la&ér. "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 c¢learly shows that
the VC layer contained very little porosity. The appearance
of the moxrphology of the carbide layer as observed normally
on coated samples is shown in Figure.4.8., One of the
advantagés of the carbide coating process used here is that
articles can be through hardened by suitable quenching
after removal from the bath. In some tests, 0.5% carbon
steel samples were quenched in water or oill £from the -
treatment temperature(950°8). Thereafter, these samples
were examined to determine the extent of hardening. The
microstructure of a VC coated 0.5%C steel specimen oil
gquenched after treatment is shown in Figure.4.9. One can
see from this figure that the substrate microstructure
below the carbide layer comprised a fairly coarse
martensitic structure. Further in towards the core of the
cample, the microstructure consisted of coarse martensitic
needles indicating that the sample had been through
hardened. : : ' '

4.2.2. Determination of Coating Hardnaép'

It waS'stated-in Section.3.2 that the hardnesses of these
VC coatings were determined from tests done on the cross
section of'the'carbide_layer. Mention was also made of the
fact that the loads used had £o be high enocugh to produée
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 test load caused breakage
of the carbiqg layer {about 10um thigck in this case). The
large indentation to the left of Pigure.4.10 was made at a

- 97



‘Figure.4.7.. Appearance of carbide layer on 0.5%
carbon steel before etching in nital.

Figura.4.d. Morphology of carbide layer on coated
steel surface.
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Eiguré.d.Qi_Microstructure of nardened 0.5% C steel
- after coating at 950°C.
Etched nital, 1000X.

Figure.4.10. Appearaﬁce of Microhardness

indentations made at varylng loads on
. rarbide 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/
- gubstrate interface were made at loads of 10gf and 25gf. It
is clear from this figure that 10gf and 25gf loads could be
used for testing the hardness of a carbide layer about 10um
thick. Using loads of 10gf and 25gf, hardness tests done on
gamples with average coating thicknesses between 10 - 1lum
produced the results listed in Table.4.2.

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

Average Layer
Thickness (jm)

For Test No.4, the individual hardness values were plotted
against indentation number in Figure.4.1l which shows that
little variation in hardness occurred with the loads used.
Furthermore, this variation was consistent and witiiin
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 twe VC coated 0.5%C steel
samples. The first sample had been air-cooled from a
treatment temperature of 950°C, whereas the second sample
was oll guenched from the same temperature. The average
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Figure.4.12. Hardness profiles on VC coated 0.5%

carbon steel samples{Lvoad = 10gf).
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layer thicknesses on these samples were about 11.0um and
10um respectively. The oil quenched sample showed a
somewhat - higher hardness both at the surface and towards
the core(Figure.4.12). '

Tests were carried out to determine the "composite"
hardriess of the VC coating, ile. 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 regard, hardness tests weve carried out on three-
different sample types as listed in Tabla.4.3.

Table.4.3. Sémples used for measuring “Composite“
Hardness of VC Coated Surfaces.

S T TR I e e e ST o e P TR A A kil NP e e
SUBSTRATE | AVERAGE COATING | TREATMENT | SUBSTRATE |
MATERIAL THICKNESS CONDITIONS HARDNESS

0.5% C 12 pm Air-Cooled | 270EHV1O
' £rom 950°C
0.5% C 10 pm 0il-Quench - 600HV1O0
from 950°C
0.2% C 5 Air-Cooled 220HV10
: from 954°C
AR ST _ S -

These samples were ill treated in a bath containing 10% V,04
plus 5% Al. Loads of 300gf, 500gf, and 1000gf were used as
these loads gave indentations which were easily measurable.
It must be mentioned that at loads below 300gf, the
indentations made were not very clear, thus making accurate
measurement difficult. The average hardness values obtained
using this procedure on the three specimens were plotted
against load in Figure.4.13 which shows ‘ow the meszsured
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, Determination of Coating Composition

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

4.2.3.1, EDS analyses of Coated Specimens

. 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 1ron was present in appreciable concentration,
Similar spectra were obtained from spot and area analyses
carried out on the surfaces of coatad specimens.

Quantitative EDS analyses of coated specimens were also
carried out to obtain information regarding the
coencentrations of the elements present in the caating;
Table.4.4 lists the results of the quantitative FEDS
analyses on samples treated in V,0s-containing baths. The
type of analyses, le. 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 XRb scans on YC coated specimens
are presented  in Table.4.5. Experimental results were

103



%—x 0.51 6 leel; Air-fooiad
1500l 8- -0 0,51 C Steel: 0f-Quenched
| s 0,23 €' Steal: Air-Cooled
> |
T feoot
Y
" : .
@ aopl- \&—-mqh '
o T ——g
c
S _
& scof
b2
ago - _ ",.,..., Vsl
o I | [ l l i I 1 L. | I |

8 iog 200 306 400 $00 600 700 8OO 900 1000 100 1200
o Load (gf)
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Tabla.4.4., Results of Quantitative EDS analyses

on samples treated in baths containing

PERCENTAGE of ELEMEXT I

V,0; and Al.

scaN || TeeE oF

NUMBER ~ SCAN v Fa Total
1. spot 96.19 | 3.81 | 1200.00
2, area 195.42 4.58 | 100.00 E
3. " line 96.85 | 3.15 | 100.00
4f spot 99.04 D.96 100.00

_ 5.'.' area 95,81 4,19 100.00 l

Tabla.4.5. XRD Data of VC Coated Specimens.

VC;.ca

Powder.rile Diffraction |

80

I/Im

Diffracticon
Data Pata Mo.l Data Data No.2
d RPH

100

80

80

80

20

d = Interplanar spacing; I/Im = Relative Peak
Intensity; RPH = Relative Peak deight.
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| compared with results from the powder diffraction file. Two
types of vanadium carbide were listed in the file, namely
VCogs and VC(14% C). The experimental data listed in
‘Tabla.4.5 were derived from-two separate XRD scans. The
firet scan(No.l) was obtained with a 0.2% C steel sample
- with an average coating thickness of 5Sum. Scan No.2 was
obtained with the same sample at a slower scanning speed.
 This specimen was treated in a 10% V,0; 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 Appendix.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 scans
are included in the list. The major peaks in the list are

highlighted in bold print. It is also evident from the data .~ ™=

in Table.4.5 that the carbide formed on the specimens was °
very-similab_crystallographically to VCses and VC(14% C)
despite its significant iron ¢ontent. It would seem also
that the crystallographic differences between VCpg and
VC(14% C) are small and would require scphisticated
techniques to study these. o

Figure.4.15 is a typical diffractogram of the VC'coated
specimen. The dashed lines under each peak correspond to
the position of major peaks according to the powder
diffraction file. This also shows good correlation between
the experimental and esgtablished data indicating that the
coatings were crystallographically similar to vanadium
carbide. ' : -
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4.3.. A D’atgilg.g Study of Baths gontaining V,0. and
Aluminium : ;o :

The reasons for deciding to study baths containing only V,0,
and Al were touched upon in Section.3.4. It ‘was also

pointed out that a number of process varigbles were
controlled in order to isolate the effects which different
variables, for example temperature and bath composition,

may have on c¢oating conditions. The - utcome of each of the
steps taken in this regard is presented in the relevant
sections below, - '

4.3.1. Effect of Temperaturs on Coating Thickness

The effect of the three temperatures tested is shown in
Figure.4.186 where it can be seen that the thickest coatings
were produced at the highest temp* . ure. The difference in
coating thickness between the th - curves was more marked
initially. However, by the end of a 9 hour period this
difference was reduced. B B

4.3.2. Influence of Substrate Carbon Content on Coating
Thickness '

As expected, the higher carbon substrate formed a thicker
coating in a given‘time'peridd(rigure.d.IT). The difference
in coating thickness between the two steels became more
marked towards the end of the test period,

4.3.3 Effect of V,0. Content on Baih Activity

In this case, the V,0; content of three separate baths was
varied by 5, 10, and 20%, while the amount of aluminium was
kept constant at 5%. siguxg .4 18 summarises the results of
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these tests. As ca.. be seen, the activity of the bath
containing 5% V,0; was slightly higher than that of the 10%
V,05 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% V,05
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 V,0; constant are
shown in Figure.4.19. Initially, the bath with the 10% Al
content . exhibited a higher activity than the bath
containing 5% Al. After abo.t 8h, the two baths appeared to
reach similar’activities, but by the end of the Sh period,
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Figure.4.19. Effect of %Al on bath activity at
950°C for 3, 6, %h of treatment.

the activity of the bath containing 5% Al was appreciably
higher than that of the bath containing 10% Al,

4.3.5. Effect of Bath nggosiﬁion on _Coating Thickness

Changing the concentration of reactants while maintaining
their ratio in the bath constant had the effect shown in
Figure.4.20. Overall, the bath with the highest amount of
additives had the highest activity whereas no layer was$
formed in the bath with the lowest concentration of
reactants. The activities of the baths containing Z0% V,0,
plug 10% Al and 10% V,0; plus 5% Al were similar at the end
of the 9h test period. It appears from these results that .
a minimum concentration of V,0, plus Al must be exceeded for
a coating to form.
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4.3.6. Influence of Particle Size of V.0. on Ba
Ag: tivity

As stated in Section.3.4.6, the particle size of the
reactants was expected Lo have an influence on the activity
»f the bath., Figure.4.21 is a plot of the results obtained
on the four particle size ranges tested. As can be seen,
the finest 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 V,0; 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 influence of bath age on bath activity is shown in
Figure.4.22. It can be seen that the activity rose rapidly
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during the first 16h of bath life. Thereafter, it remained
reascnably constant and appeared to decline after about
25h. '

4.3.8. Effect of Bath Depth and Bath Age on Coating
Thickness Prodiced

The coating thicknesses measured at different poihts along
the length of the coated 0.5% C steel rods were plotted
against'distande from the bottom of the bath. The curves in
Figura.4.23 show the variation in coating thickness with
bath depth for rods treated in the baths aged for 8h and
-1éh. It can be seen that there appears to be some variation
in coating thickness with bath depth for the baths aged for
8h ‘and 1l6h. . 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. Towards the top half, however, rods treatéd‘in the Sh
bath produced signifirantly thicker coatings especially
those treated for %h and 12h. It should be noted that the
rod treated for 12h in the 16h bath had'oxidised at the
90mm level. The average depth of the melts varied between
90~100mm, '

In order to .ssess the differences between the 8h and 16h
baths in greater detail, the coating thickness produced at
distances of 30mm, 50mm, and 70mm above the bath bottom on
rods treated in either bath was plotted against trwatment
time in Figure.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 higr.r.

Based on this result, it was decided to compare the coating
thickness prodursd on samples immersed at the “standard"
level (about 30wm from the bottom) with that produced ¢n
rods treated in the 8h and 16h bath(Figure.4.25) at the
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same level for treatment times of 3, 6, and 9 hours. Tt 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) prior'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 samples.
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 "standarg"
compositien, ie. containing 10% V,0; 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. Macrosecopic Appearance of Coated Rods

Examination ..;Df' the coated rods after cleaning revealed a
couple of noteworthy features. Firstly, the extent of
ox:.dat:.on wh:.ch took place at the top of the melt is clear
from thf; appearance of the rods(Figure.4.26). One can see
the 1§§crease 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. - o

4.3.9. Influence of Surface Finish

‘Macroscopic _e:iamin_ation of the VC coated 0.5% C steel
samples which had been given three different surface
finishes revealed little difference in the appearance of
the samples, except that the sand blasted sample was
rougher. Microscopic examination provided further evidence
of this(Figure.4.28.(a)-(e)). 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 noteworthy feature from this
mlcrograph 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.
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' 4.3.10. Anaivses of Baths containing 10% V.O0. and 5%
Aluminium ' ' :

The experimental data from XRD analyses on pulverised glass
samples taken £rom baths containing 10% V,0; plus 5% Al were
compared to data listed in the powder diffraction file. The
experimental data correlated well with the file data for
V20; as shown in Table.4.6 which compares the data obtained .
from two scans. Only the major peaks are 1listed in
Table.4.6. A typicnl diffractogram acquired from XRD
analyses of bath samples is shown ih'rigura.l.EQ. The high
background radiation was due to the glassy borax in the
sample. '

oy . % . 5 — g +
ANGLE

Figure.4.29; Typlcal diffractogram of bath
sanmple.
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Table.4.6. XRD Data of Bath Sample.

Powder File . | | piffraction .
Data i { Data 2

a4 = I'nt.e::planar' Spacing;
I/Im = Relative Peak Intensity;
RPH = Relative Peak Height.

It is evident. that good correlation existed betwesen
established and the experimental data. A sample of the full
listing of the XRD data obtained from bath samples is shown
in the Appendix.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 prerared 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 Figure.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 Standazd
MATERTAL Thickness [ Thickness | Deviation
i (um) - (pm) .

LT ST ...__._...,..__.._...____i- a 4 ~ PN — o T T
0.2% C(4h) | 2 -3 | 3.7 . 0.20
0.264 c(6h) | 3 -2 ] 4.9 0.21
0.5% C(4h) 6 L 6.5 | 0.14

[0.5%0(611) 9.1 - 0.39

As stated in'Section.B.S, three coated and three uncoated
samples of mild steel(0.2% C) and ENS(0.5% C) steel were
subjected to potentiodynamic and cyclic‘polarization'tests.
Typical scans obtained from potentiondynamic testing of mild
steel and EN9 steel samples are reproduced in Figure.4.30
and Figure,4.31 respectively.

Figurae.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
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~ Figure.4.30. Typical potentiodynamic curves for mild
steel samples. - _
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(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
wp to iecrit, the critical current. Beyond icrit, the

current density decreased slightly and then yvaried little
with a large increase in potential indicatiﬁg that these
samples had passivated and thus little or no corrosicn of
the samples was occurring. Above about 500 mV, the current
density increased'rapidlyfagain. By contrast, the uncbatéd:'
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!"™®9, -

1) Egoxrr - The corrosion potential whirch is the potential
of the system in the absence of an impressed current. A
more negative Ecorr signifies that the metal or alloy is
‘less resistant to corrosion in that system.

2) Icoxr - The corrosion current density at Ecorr.

3) Corrosion Rats(C.R.) — The corrosion rate in mpy{one mpy
= 25.4 |uh¢per year) is one of the more significant
- variable# indicating the amount of dissolution which a
material andergoes in a particular system within a year.
The larger this value the greater the loss of material.

4) Egrit and Ferit - The critical potential, and, critical
current density which indicate the point at .which
passivation is initiated. Non-passivating 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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Table.4.8. List of Potentiodynamic Test Results

M;;;;;.!_ Beorr | Teorr | . z Icrit Ecrit | Passive .
No. av) | (ua/en) | (mpyy (ua/c’) | (V) | Range (mV)
__ﬁnii_}__:;;z.s a1.4 | s.6L | 1 217.6 | -363 | so8
mez f s | o173 [ 3ee | 2 | w46 | caaa [ w00 ]
w3 | Cise.8 | 6.7 1.52 | 1 225,7 ~323 | 956 :

Bar | 4211 11.9 2.69 [0.99| 160.5 | -319 918 !
242 '\ ~424.7 | 10.4 2.37 o0.99{ 290.0 -306 914 |
43 E ~113.4 | 12,9 | ries | 2 158.5 | -318 916 . |
E61 || -423.8 | 14.5 | 3.3 | 1 190.0 -327 937
B62 |. -404.5 10.4 2.37 {o0.99 s54.7 | -300 850
nsa__J ~389.6 4.8 1.08 1] 19,7 -218 - 758

......... e . S— NS WSS — E— . =
ENL -540.6 § 921.4 387.0 1 - - -
EN2 | -536.8 8B7.6 _ 356.4 1 _ - - _ -
EN3 f| -526.1 1022 472.5 | 0.99 - - -
R : R : = =

r = Correlation coefficient. for linear polarization;

Ecorr = Corrosion Potential; Ieorr = Corresion Current;

C.R. = Corrosion Rate; S

mpy = milli-inches per year; _

Icrdlt = Critical Current Density; Edr;t = Critical Potential;

MS4/6 = Mild steel samples treated for 4h or 6h;

E4/6 = ENS steel samples treated for 4h or 6h;

MS/EN = Uncoated Mild steel or EN9 steel samples.
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range, the more corrosion resistant the materlal over a
larger potential range implying that corros;on3 of the
material is more unlikely to occur within a given system.
Non~-passivating materials do not display a passive range.

Icorr, Berit, and Igrit do not provide much information
about the corrosiorn resistance of a material. However, the
¢consistency of these values from one test to the next is an
indication of the reproducibility of the test results. The
pctentiodynamic data from Table.4.8 was then averaged. The
average values are presented in Table.4.9.

Table.4.9. Average Patentiodynamic Test Data.

Passive

Bcorr = Corrosion Potential;
C.R. = Corrosion Rate;

mpy = milli~inches per year;
MS4/6 = Mild steel samples treated for 4h or 6h;
E4/6 =

EN9S steel samples treated for 4h or 6h,
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The data presented in Table.4.8 show that fairly consistent

results wére cbtained for each group of samples., From the
average values in Tabla.4.8 it is clear that the corrosion
rates of the coated substrate {2 to'5-mpy} were far lower
than those for the uncoated material (200-400 mpy). Also,
the VC coated samplés all displayed considerable passive
ranges (800-900 mY\) . There was also a significant increase
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.d4.32 and
Figura.4.33 respectively. Cyclic polarization tests also
revealed that thu behaviour of the VC coated substrate was
significantly different to that of the uncoated base
material. This is evident from Figure.4.32 and Figure.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 samples, 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 reversal of the pitting scans at about 5000
Ma/cm?, it can be séen 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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Thus 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
rhe potentiodynamic data, the cyclic polarization curve
obtained frbm each sample was used to extract relevant
corrosion data. In this case, the values of 1nterest were
as follows($:%, '

1) Ecorr and Icorr;

2} Ep - The pitting potential which is the potential at

whioh pitting is initiated. The higher this value the more
_resistant a.matelial is o pittlng attack w1thin a speC1f1c
system,

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

3) Ppassive Range -~ Similaxr o that evaluated from
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 pitting 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 1lists the
average values calculated-from.Tabla!4.10. It is evident
from the average values that the coated samples had large'
Jassive 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. List of Cyclic Polarization Test Results

Iﬁc§¥¥“. 1 IIéorr _. : | Passivﬁ
(UA/ em?) Range (nV)

Mar | -s35 0.34 390 . 801

M42 i 575 1.55 | a1z "'f  833

. ~535 | 0.50 421 785

Me1 |  -a79 | o0.34 406 737

. M62  .y" -513 . ‘0.47 ' 436 | ?29_ 

M63 J ~a72 | 0.4 397 . 185§

E42

E41 ‘ -510 0.55 | 483 781
|
|
|

E43

E61

262 -480 0.20 | 421 | 793

- mes | -B15 0.37 442§ 720 |
 EN3 ‘ ~ -759 120 | -

Pitting potential;

Mild steel'samples treated for 4h or 6h;
ENS steel samples treated for 4h or €h;
Uncoated mild steel or EN9 steel samples.

Ep
M4/6
E4/6
MS/EN

g
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Table 4.11, Anerage Results from Pitting Tests._

SUBSTRAEE fl Ecoxrr - Ep : Passiva j
ummgn:nn i (W amn I nanga(mv) ?
| S | I ——— S P —
MS4 w -548.3 408. 3 ~ 806.3
MS6 | -488.0 - 413.0 ' 740.3
Ms | ~732 - - |
e - — Y
E4 t -472.0 447.7 775.7 I
o
E6 || -509.3 126.3 785.0° |
- |
' | _ |
EN9 i =759 - - |
-~ . _|:.._ e T == _._j

The average corrosion rates for coated and uncoated samples
were plotted against the sample type in Wigure.4.34. The
remarkable reduction in corrosion rate of VC coated samples .
is clear from this figure. ' o

4.4.1. Appearance of Corrosion Surfacas

Electron microscopy of corroded samples highlighted several
important points regarding the response of the VC ccated
specimens to the corrosive media. The appearance of the
corroded surface of a VC coated steel ‘sample’ after
potentiodynamic 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 steel samples after either potentiodynamic or
¢yclic polarization tests. The photomicrographs presen;éd
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Figure.4. 34 Comparison of corrosion rates of coated _

and ancoated substrate.

(@) . S ®

Figuré.4.35. Natlire of (a)lacquer/sample interface and
{b) general surface corrosion of coated steel
sample after potentiodynamic test.
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(a) .  m

Figure.d.BS. Nature of ('a)Lacque'r_/samy_:le interface and
(b) General surface corrosion of coated steel
sample after pitting test. B

The photomicrographs presented here give an overview of the
corroded surfaces observed. In both Figure.4.35.(a) and
Figure.4.36. (a), the lacquer/ sample interface can be seen.
These figures show that penetration by the corrosive media
occurred between the lacquer/ sample interface, more so in
the case of the potentiodynamic test sample. As mentioned
previously, such penetration usually_ promotes the
occurrence of creviecing at the __lacquei‘/sample interface.
Some NaCl 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 im the potentiodynamic test
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samples. By contrast, the VC coating still remained intact
on pitting test samples. A straking feature in the case of
the pbtentiodynamic 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 prior to coating. This contrasts with the
appearance of the pitted surface which still had the
'coating intact. Comparing these two ccrrosion surfaces with
that of the uncoated steel substrate which is shown in
Figura;4.37,_£here was a substautial difference. As can be
seen, the uncoated stesl substrate had undergone severe
corrosion in both potentiodynamic and pitting tests,

{a) - ()

Figure.d.37. Extensive cdrroSion 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 étee;s 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 c¢lear
from these values that the materials viere in the annsaled
_condition. Further evidence of the initial condition of the
tool steels is given by their microstructures as shown in
the Appendix.A.3. These consisced of 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 cavities 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% V,0; 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.?igﬁre.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 thelr lower carbon contents. Tha coating 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 infludénced
coating thickness, the average coating thickness was
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Pable.4.12. Composition of Tool steels.

EL w-'EEEﬁéEE:_ﬁM:+ﬁ6miﬁEm*'om9051t10n}
= Spark analyses; NA = Not analysed.

Table.4.13. Hardness of As—Received Tool Steels.

wu'nnxn.
\_,_, e
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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 0.5% 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 ¢f 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. gteel had been
adequately hardened and tempered. The hardness of the H13
steel had increased only slightly J™ove its  initial
value(Table.4.13). This steel was not coated.

Table 4.14. Hardness of Hardened and Temperad
Tool Steels.
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Figure.4.38. Coating thickness produced on tool

steels treated for 3h and 6h at
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Figure.4.39, Variation in coating thickness with

substrate carbon content for 3h and
6h treatment times at 950°C.
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Evaluation of the coating thigknesses on the anneaied, and,
hardened and tempered samples, which were treated for 3h at
950°C in a 10% V,0; and 5% Al bath produced the bar graph
shown in Figure.4.40. It can be seen that the difference in
coating thickness between annealed and hardened and
tempered samples was similar for the four steels coated.

Goating Thickness (umj

12
_‘ BBl ANNEALED HARDENED & TEMPERED

10 4 | 9.5
8.1
. a N v.e TIB

6 55 5.4
g :
Al

4 3.4 7

3.2 7

2 7

%
11,

21 /

g

JLA _

D2 D3 H21 M2

_ Substrate Material
¥Figure.4.40, Comparison of average coating

thicknesses produced on annealed and
heat treated substrate treated for 3h
at 950°C,

As pointed out previously, the core hardness of the VC
coated toolsteel samples was measured in order to assess
the extent to which these samples had hardened, since these
samples were oil quenched or air-conled after removal from
the bath. The hardnesses of these samples in the untempered
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Table.4. 15. Core hardness of-oxl—quenched or air-
cooled VC Coated Samples. '

 QUENCHING
MEDION

oil 642

v e o b —— o a—— TS el

* All samples treated in a 10% V,05 and 5% Al
bath at 950°C; AR = hs—Received
= Hardened and Tempered.
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condition are presented in Table.4.15. 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-probébly due to the relatively low'stability of the
carbides in this steel. Second to this was the D2 steel
followed by the M2 steel and the H series steels. The
hardness of the last three steels was low con31dering the
fact that these values corresponded to the hardness of the
untempered samples. This will be discussed. in greater
detall 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~sactional tests since the
thickest VC layers were produced on these steels. Betause
of the average thickness of the coating on the D3 steel,

le. 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.,

SUESTRATE i nwaraga Layer ]
1 Th:eknems(um) '

o1 | mvo.025 | mvo.os | .
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4.5.1. Miczostructure of VC Coated Tool Steels

The micrographs in Figures 4.41.(a)-(e) show the appearance
of the VC layer on the D2, D3, H13, H21, and, M2 tool
steels regpectively. 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 be reduced by the
VC coating (Figure.4.41.(d)). The difference in coating
thickness shown in these micrographs is alseo quite marked.

The microstructure of the substrate below the carbide layer
varied for the different 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 H13 and H21 substrates which contain tiny
carbide predlpitates -~ not easily seen at the
magnifications used here ~ had decarburized directly below
the carbide Jlayer (Figqure.4.41.{¢c) and (c)}). 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 corper 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 Figure.4.42.({b). The uniformity and continuity
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Figure.4.41. M:i_.crostfuctre f VCc'aed' oosteels_-':
(a) D2[400X] (b) D3[1000X] (c) H13[400X]
(d) H21[1000X] ({(e) M2([400X]. Etched nital.
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(a)

()

.

EEEEESTZTIET‘isséarance of VC coating (a)round
corner{200X] (b)inside a hole{200¥]
(c)on D2 toolsteel (1000X].

Etched nital.
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of the VC coating is clear. Figure.4.42.(c) highlights an
interesting feature with respect to the way the coating
grows. 1t 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 decarburization of steels containing
eutectic qarbide particles. : ' -
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4.6, Problem Areas and Solutions
4.6.1. Mhthod og Immergign of Samglas in ;g yg;g

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 welght loss consistent with 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 su:facé‘of the melt. The suspension of
samples 1in 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 monal wire or kanthal wire which have high oxidation
resistance also proved ineffective, To overcome <this
problem, a frame(Figure.4,44) was made from 316 stainless
steel. This frame was then submerged below the surface of
the melt therxeby 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 the bath without any oxidation taking
place since the entire workplece 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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PFigure.4.43. Oxidation of steel sample.

Figure.4.44. Immersion of samples using a
. frame. '
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of a cross bar made of the same material. Samples could
then be removed individuall-y 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 6; §gggieg af;er.rraatmant_ 

One of the problems enccuntered with treating articles
using salt bath processes is the cleaning of samples .fter
tfeatment;-This arises mainly because of the salt wnich -
remains attached to treated articles. As such, an
appropriate cleaning procedure is required. In the case of

samples treated in mdlten"bbrax‘baths, quite'a large amount
of salt can remain attached to treated articles. This is
illustrated in Figure.4.45.(a). However, articles treated
by this process can be easily cleaned(Figura.4.45.{b)).
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 Bathg

As was the case with cleauning 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
be used a number of times since these pats 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 boiling.
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(=) : (b)

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

The boiling procedure had to be repeated 2-3 timés
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 level of salt
in the bath, due to the high oxygen potential, tended to 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 phasea"
coating is shown in Figure.4.46. It was not certain whether
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Figura.4.46. Appearance of "Ewo rhase™ layer.

thie layer was a carbide layer. To confirm this,
qualitative and quantitative EDS analyses were perfoxrmed 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
fe-rich. By contrast, spot analyses of the darker region'
surrounding these light patches produced the spectrum shown
in Pigure.4.48 which indicates that the V content of this
region was higher.

Quantitative EDS analyses done on such a "two phase" layex
at the top, middle, and bottom of the layer, as well as in
the substrate just below the carbide layer produced the
results listed in Table.4.1?7. These results alsc show that
the proportion of Fe in the "two phase" layers was
excessively high. Compared to the Fe contents of carbide

153



-RAY: 9 ~ 20 red
Live: 19805 Preset: 1005 Remaining? s
Rexy: 1225 18% Dead
—
1
)
' F
j\._
K 1.0 6100 ke¥ 1.2 5|
Iﬁﬁﬁl=§ﬁt+e RRER ~¢h 315= 164  cus|

Figure.4.47. Typical EDS spactrum of light area
using spot analyses.
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Figura,4.48. Typical EDS spectrum of darker area
using spot analyses.
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Taole.4.17. Quantitative EDS of "Two phase" Layer
from Surface to Substrate.

layers produced in V,0; plus Al baths(Section.4.2.3), these
proportions were excessively high. The 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 "two phase" layers were found to
cccur only on samples 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 V,0;
containing baths. :

4.6.5. Spalling of Coated Samples

Another problenm encountered was that of the spalling of the
vanadium carbide layer on some coated samples. The
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cbservation was made that the surface of coated samples
became patchy soon after removal from the bath. This is

‘. illustrated in Figura.4.49. The lighter areas on the

surface of the sample are the patches referred to here.
Upon closer  examination, it became evident that these
patches were 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 spalling.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.
Figure.4.51 and Figure.4.52 are cross-sectional views of
' samples which displayed spalling indlcating that the extent
to which the carbide layer had broken off from the
substrate varied, ie. the layer may be partiall:
'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. Pigure.4.53 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 Eompared to the smooth surface (Area 2) of the
carbide layer suggests that spalling occurred by a brittle
fracture mechanism.

Spalling was probably due to residual stress in the coating
possibly due to differential contraction between the
coating and substrate during cooling. Spalling occurred
frequently on samples which 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 concerﬁed. However,
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Figure.4.49, Patchy appearance of spailed
' sample[10X].

Figure.4.50. Spalling of carbide layer.
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Figure.4.51. Cross-sectional view of spalling
carbide layer typifying varying
- extent to which spalling occurred.

?igura.4.52. Cross-sectional view of'spalled'
' carbide layer.
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Figuré.4.53. Close-up view of spalled area
displaying apparent brittle fracture
- surface. '

4.6.6. Quench Cragking of Treated Samples

Although quenching of treated spécimens appeared to
‘alleviate spalling, in many’caaés this caused cracking of
specimens. A typical quench cracked sample is shown in
Pigure.4.54. The extent of such cracking can be seen to be
the bath temperature may have t¢ be regulated in order to
bring treated components to their c¢orrect gquenching
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
Figura.4.55. Quenching samples in oil, instead of water,
decreased the occurrence of quench cracking as expected.
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Figure.4.54.iAppearanqe of quench cracked
specimen(8X] .

Figutae,4.55, Extension of quench crack though
. carbide layer.
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From this it is clear that the appropriate quenchant and
quench 'temperatures have to be selected. when treating
articles. The. problem of crackzng is expected to ke
minimised with' coated alloy or tool. steels which do not
require severe Quenchlng for hardenlng

4.6.7. Stalning of Coated Samples

A more serious problem experienced kas'the appearance of
black patches on the surface of coated samples which
occurred quite often on treated samples. Dark "stains" on
_the surface of . a sample are shown in Figure.4.56.
"Staining” diminished the aesthetic appeal of coated
'specimens. Microscopy was carried out on samples to
establish the nature of the "“stains".

The appearance of a stained area at higher magnification is
shown in figure.4.57. Qualitative EDS analyses was also
done on these areas producing the spectra such as the one
shown in Figura.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 morpho;ogy of the
"stained" area is shown in greater detail in Pigure.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 frequently on the edges of samples than on any other
areas. Possible reasons for the formation of these “staing"
will be discussed in Section.5.6. '
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4.6.8. Moisture in Borax

One of the less critical problems experienced was that of
" moisture in the borax. Using the hydrated form of the
borax(Naquov.IOHZO) 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 _hé.d to be adjusted sinrce 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 the melt was too low to. treat
samples in the bath. It should be noted also that borax is
hydroscopic and can exist in pentahydrate (.5H,0} or
decahydrate form. ' ' '



5. DISCUSSION

5.1, Choosing between FeV and V.0, 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 V,0; £lakes. This was one of the reasons
for declding to study V,0; containihg baths in detail.
Furthermore, the amount of carbon in the Fev(0.12% C -~
Tablaé.3.1) was quite high compared to that in the V,04
(0.015% C - Table.3.2). It was thought that this carbon
could produce side reactions with other bath constituents.-
Vf particular concern was the possibility that the carbon
would react with Fe or V to form complex carbides in the
melt. In so doing, the activity of the bath was likely to
be affected. | ' ' ' |

The presence of Si(1%) and Al(1.6%) in the FeV could be
- regarded as beneficial since bhoth of these elements are
 exrcellent deoxidising agents which could help prevent .
excessive oxidising conditions in the bath. Another
noteworthy fact was the higher perdentage of V{8(.5%) in
the ferro-alloy comparad to the p:otoxide(89.7% V,05; which
contained 56.4% V by mass suggesting that the ferro-alloy
would be a mare lucrative bath additive. However, the FeV
did contain a larger amount of Fe(13.8%) and a fairly high
percentage of unknown components{about 3%} unlike the
V,0;{0.04% Fe; 0.059% unknown). Besides, the use of FeV did
pose particular problems as discussed in Section.4.6.4.

5.2. Exploratory Tests

From Table.4.l, it can be seen that coatings could be .
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produced in baths containing borax -and FeV only. By
contrast, no coatings were Formed in baths containing borax -
and V,0; only. This suggested that the addition of FeV to
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 display a
coating. 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 appeared that under certain
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 al.®® pointed out that
oxidation is very likely to occur in small baths
(SectiOn.Z.S,B), It is interesting to note therefore that
the largest bath in use(as at 1984) in Japan was 700mm in
diameter and 150mm deep. It appears therefore that the
oxidation observed in this study was due to the limited
size of the bath{l.S5kg of borax). Much of the early work
patented by Arai®® was done in small graphite crucibles
and this probably prevented excessive oxidation. Child et
al.®" also state that baths heatest under strongly
oxidising conditions, eg. a gas—fired furnace, did not
produce coatings. It seems therefore that the prevailing
bath condition, ie. oxldising/reducing is eritical to the
formation of coatings.

It 'became " obvious from exploratory work that bath
conditions had to be well-controlled in order to achieve
the conditions necessarv for producing coatings. Attempts
at maintaining a blanket of argon over the surface of FeV
containing mélts to reduce excessive oxidation proved
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unsuccessful. By contrast, Child et al.®® 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 V,0; was consistent with the
findings of other workers®®, As shown, the addition of 5%
Al to the bath in Test No.3(Table.4.1) rendered the bath
active after about 10 hours (Test No.4). The fact that this
bath contained V.05 suggests that the Al acted as a reducing
agent. This would confirm the claims by Arai“""-;_\;hat V05—
containing baths require reducing agents to produde carbide
layers. This can be substantiated by referring to the
d:iagram in ¥igurae.2.5.3 which shows that the free enerxgy of
formation of Al,0, i5 much more negatilve tbun that of B0,
or V,0;. 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 eleme.'nts, ie. Cx,
Nb, Ta or Ti(in dscreasing order), are also more positive
‘than that of Al. This may imply that oxides 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 ensrgies of formation of the owides of
Cr, Nb, Ta and Ti are similar to that of B,0,. Tt was
pointed out in Section.2.5.3 (Figure.2.5.3), elements with
free energies of oxide formstion which are more negative
than B;0;; eg. Ti, tend to form a mixed layer of boride and
carbide.

The activities of the FeV and V,0; baths as compared in
Figure.4.2 were similar. A noteworthy feature of this graph
is that the addition of Al to the FeV bath rendered this
bath active in a short time peried. The growth rate of the
carbide layer- in both baths, and, in the bath used in Test
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No.2 {Figure.4.1) followed & parabolic relationship However,
it has been shown from subsequent results that layer growth
appears to follow a linear relationship. Both Arai and
Child et al.®® have presented similarly conflicting
results {Section.2,5.3). They state that a parabolic growth
pattern indicates that layer growth is COhtrolled'by the .
diffusion rate of carbon through the substrate and the
existing carbide layer. A linear relationship points to
reaction rate controlled growth whare_the growth of the
carblde 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
gpecies to the steel surface would not be the iimiting
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 expected to influence
the growth of the carbide layer.

It is interesting to note from Test No.4 (Table.d4.l) that
the bath remained active for a 20 hour period, producing a
layer 4.6 pm thick on a 0.2% C steel gpecimen in 5 hours.
Al was effective both in generating active conditions in
the bath and maintainlng this dctlvity 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 sui.able as a reducing agent. For this reason,
Al was included as a bath additive in subsequent studies.
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5.3. Anzlyses of VC Coated Spacimzns
5.3.1. Micgrostrxucture 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{rigure.4.7)'revealed'that the VC layers were
fully dense. The nature 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 below the 1ayer'ih the
0.2% C(Figure.d4.4) 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 resulted
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 (Figure.4.3). In
some cases, small areas of ferrite were found beneath the
VC layer (Figure.4.5) suggesting that decarburization had
sccurred in these areas.

The extent of hardening shown indicated by Figure.4.9 and
Figure.4.10 is encouraging as it suggests that hardening of
coated steels could be achieved easily. The large pearlitic
arsas observed in the 0.5% C stesel are the result of grain
growth arising from the lony treatment times 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 Coatings

It was ghown in FPigure.4.10 that loads in excess of 10gf
and 25gf caused breakage of the carbide layer or produced
indentations which were larger than the coating thickness.
Hardness values obtained with the 10gf and 25gf loads
ranged between 2000 and 3000HV which compared well with
values cquoted by other workers®*, or, values quoted in
literature for the bulk materlial®™ . 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
congistency, Figure.4.ll 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 for any
large variations in measured values.

The hardness profiles of the coated air-cooled and oil-
quehched 0.5% C steel substrates(Figure.4.12) showed that
the hardened sample was harder throughout. The slightly
higher hardness of the cvating ¢n 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. Nenetheless, as expected, the hardness dropped
dramatically once the coating thickness was exceeded unlike
carburigsed 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
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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
ingrease in the contribution of the substrate to the
measured hardness.

5.3.3. Composition of Carbide Coatings

Results obtained from EDS analyses 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.®® and Arai®®. The presence of Fe in the
layer might have been expscted given that thie 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 ENY9 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 into the layer may be

expected to be significant. The diffusion of Fe would
nonetheless be limited due to the fact that Fe diffuses
substitutionally. |

Confirmation that the coatings produced were of VC was
provided by XRD analyses of coated samples as shown in
Table.4.5 and Figurae.4.15. The expera.mental data correlated
well with the indexed data for VCoag 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.

171



4. A Detailed Study of Baths gontaining V,0. and Al

Qg_ai:ilzg_!.lzi.c.lsn_gg.g

Among the first variables investigated were those of
temperature (Figura.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.tefnpérature curves {(1000°C and 1050°C), 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
-hlgher temperature baths lengthen the diffusion path of C
through the carbide_laye~ and therefore reduce the layer
growth rate. In the case of the 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 Composgition

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 20% V,0; plus 5% Al bath became
active only after about 6 hours, whereas the 2% V,0, and 1%
Al bath remained inactive over the 9h test period. It seesms
therefore that the proportions of V,0, and Al in the bath
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“have to be such thét there is'suffiﬁi&nt pentoxide to
saturate the bath and enough Al to effextively reduce the
pentoxide. Baths containing 10% V,0; plus 5% Al appeared
to give good results in this regard.. -

The reducing effect of Al appears i» take place quite
rapidly. It is important to note in this respect that Child
et al.® mention that a 10% FeV bath, containing no Al,

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 -150um)., They also found in this particular
case that the amount of V in the bath was approximately
1.7% whick w-3 below the saturation level of roughly 2. B%
in borax at 1050°C(9&e ‘Ia.nle 2.5. 2) .

From' the abuwe discussion it is clear that Al accelerates
the rate at whic¢h the bath becomes active. This 1s also
supported Ly the fact that the V,0, and Al baths used were
heated for - at 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 relationship in most cases.
As discussed previous'ly, this indicates diffusion rate
controlled growth. From the experimental graphs shown up to
this stage, and from results discussed at a later stage, it
will be seen that growth of the coating mestly followed a
parabolic behaviour. Essentially, this would suggest that
most of these baths were ideally conditioned. This could be
attributed to the relatively small size of the baths{l.5kg
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 gize (-
500um) probably influenced bath activity as shown in
Pigure.4.21.
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5.4.3. Influence of Particle Size of V,0, on Bath
T Activid _ .

The particle size of the pentoxide used in the bath had
considerable influence on the bath activity(?igure.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. | '

One of the questions raised by the results of this test is
what would be the effect of mechanical stirring on the bath
activity coentaining 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.®® state that
stirring of the bath promotes oxidation particularly at the
melt/air interface. At the same time they point out that
frequent agitation of FeV baths is essential to keep the
bath active. In this study, baths were agitated by hand
using a carbon steel rod about half an hour prior to the
immersion of any samples to improve 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 ccataining 10% V,0 and
5% Al, rose sharply in the first 5 hours and remained

174



fairly constant for the next 20 hours or so, after which
time it seemed to drop. This behaviour compares well with
the results shown by Child et al.®® for the variation of
layer thickness with bath age for 4h treatments of 0.4% C
steel in a 10% FeV bath(see Table.2.5.2). Although they do
not make mention of the temperature used, their results
show that the bath bscame active after 8 hours, After 28
hours(a 20 hour interval), the activity dropped markedly
and no layer formed after 32 hours.

From the above information, it would appear that the baths
containing 10% V,0, plus 5% Al remain active for much longer
periods of time as indicated by Figure.4.22, since a layer
of about 7§m was still produced at the end of the 50 hour
reriod. 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 25h or 50h perlod
could have raised the activ1ty of these baths. -

5.4.5. Effect of Bath Depth and Bath Age on Coatin
Thicknegs Produced ' -

Results obtained from the tests. done to determine,
simultaneously, the effect of bath depth and bath age

on coating thickness were shown in ¥igure 4.23, 4.24 and
4.25. From Pigure.4.23 it can be seen that the 16h bath was
more active towards the lower portion of the melt, whereas
the 8h bath appeared to be more active in the upper portion
of the melt. Further evidence of this was provided in
Figure.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 coatings especially on specimens
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treated for 12h.

These results seem to suggest that the coating thickness
produced at any depth in the bath is influenced by the bath
age. As shown above, the bath age appeared to determine
which portion of the bath was more active. In the cases
shown here, the 1lower and upper portions varied in
activity. From Pigura.4.25 it appears that this active
portion or “zone" shifts position with age ¢f the bath. At
30mm above the bottom of the bath, the bath containing 10%
V,0; plus 5% Al, which was aged the least, was initially
‘least active and became most active at this level after
about 7 hours. By contrast, the 16h bath was initially most
active and became the least active by the end of the 9h
periaod.

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 becomee-""

oxidised to a fair depth perhaps as much as 10-15mm{sece
Figure.26). It was indicated in Figure.4.23 that the rod
treated for 12h in the 16h old bath had oxidised at 90mm
above the bath botiom. Also, the coating thickness produced
- on the 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 "youngexr" bath(Bh), 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 exéessively oxidised,
causing this "active 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 1id 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 althouh the
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 s.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 reginns is much
larger than that available on a flat surface. Az a result,
the contact area baztween the mblten salt and the steel
surface was increased leading to an increase in coatlng
thickness.

5.4.7. Analyses of Baths conta:n:.ng 10% v,0,_and 5% Al
Aluminum

The detection of V,0; by XRD on bath samples revealed
significant information concerning the nature of the
chemlcal reactions taking place in +these melts. As
mentioned préviously, Child et al.%® also found that a
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lower oxide of the carbide forming element is the 'reactiir_g
‘species. They found V,0; to be the reactive species in Fev
 baths, whereas samples analyzed here were taken from V,0q
and AL baths. Op this basis it seems that in FeV baths V is
" oxidised to V,0;, while in V,0; baths the pentozide is
reduced to V,0, in the presence of Al which has a more
negative free enerqy of oxide formation (Figure.2.5.3).

Child et al., attribute the formation of V,0, to the fact
that this lower oxide is less stable than V,0; with respect
to their free energies of oxide formation, ie, -456.1
J/mol comparéc_l to -518.8 J/mo.. It would appear hoyever,
that the lower oxide forms only when conditions in the melt
are not excessively oxidising. IlEl jo-rtantl to note are the
factors mentioned by Child et al.gi) in this respect. They.
' state that active bora® baths contain small percentages (2-
4%) of oxide of the carbide-forming element, and stirring
is needed to form replacement 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
oxidised, and, that conditioning of the melt can be speeded
up by bubbling air through it.

Thus, some oxidation in FeV baths appears to be necéssary
in order to form the active V,0; species. However, the
extent of this oxidation has to be controlled.
Interestingly encugh, controlled oxidation may not be
necessary in v,0; and Al baths as aluminothermic reduction
of V04 is likely to occur anyway. & . 'nteresting area of
study would therefore be to study wue V,05 and Al baths
under conditions of little or no oxidatilon. The long term
Lehaviour 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, the active oxide
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forms in the melt. In the second stage, this oxide then
reacts with carbon on the metal surface to form the carbide
layer. It is very 1likely therefore that the reaction
occurring at the metal surface 1is one involving
carbothermic reduction of the oxide. However, this is mere
speculation and requires further investigation. '

Child et al.® gtate that the V from the ferro-alloy is
extracted by selective leaching. This would imply that the
borax acts as a flux. On the other hand, in V,05 plus Al
baths the borax appears to be necessary only as a mass
transfer agent. It would seem therefore that borax can play

a dual role in these melts as a flux and mass transfer .
agent., ' ' '

5.5. Covrosion Testing of VC Coated Specimens

Tha results in Tables 4.8 and 4.10 showed that the sample =~
preparation technique enabled falrly 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(Figures 4.32 and 4.33)
curves. The average test data in Tables 4.9 and 4.11 &also
showed this. The low corresion rate of coated samples was
highlighted in Figure.4.34. Arai et al.®" ghowed that
coated 304 stainless steel underwent no corrosion in
various aqueocus media (see Table.:.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, 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

(Figure.4.38) is greater than is apparent since pits tend.
‘to undercut the surface on which they form. This is

unlikely since the the Epp values of the coated samples -
were close to that of the Ep values as shown in Figures

4.32 and 4.33. '

The excellent corrosion resistance of the coated sample's '
also bears testimony to the quality of the VC coatings. The
results obtained indicate that the coatings are dense and
uniform with no defects which would be detrimental to their
corrosion properties. For example, the pittiag resistance
of coated samples would be reduced significantly by large
pores or cracks where pitting could be easily initiated and
allowed to proceed unhindered, This is substantiated
further hy the micrographs illustrating the diffeivent
corroded surfaces. In potentiodynamic tests damage to the
substrate surface was reduced markedly{Figure.4.37) while
in pitting tests the coating remained intact (Figure.4,38).

It may appear from these results that the VC coating
-behaves quilte independently of the substrate on which it
forms. Arai et al.®" gbserved that the type of substrate
material had an effect on corrosion resistance, especially
in aqueous media. This was attributed to the penetration of
acid through micropares in the coating. It is worth noting
in this regard that Van Bennekom® 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 316L had a lower corrosion rate than the
uncoated 316L substrate. It was also more corrosion
resistant than the coated 304L sulbstrate, Van Bennekom!"
also found that the uncoated substrates had far higher
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pittihﬁ potentials(Ep valués) and much larger passive
ranges than the VC coated substrates. This suggests that
the substrates and the quality cf the coating influenced
the corrosion behaviour of the coated steels. It should be
noted though, that Van Bennekom®? 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 thaﬁe steels. It can be deduced therefore that the
'corrosion behavicur of the coated substrate will be
influenced by the type of substrate material, the coating
quality and coating process.

5.6, Treatment of Toolsteels

EDS and spectrometric analyses as well as miéroscopy of the
as~received toclsteels indicated that thesé materials were
of acceptable quality. The only concern was that the V, W,
and Co contents of these steels were not determifed.
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
gxception of the M2 steel{l.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 fairly high 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 wvanadium, ie. VC,
remains stable up to temperatures of about 1300°CY®. The
low carbon content of the austenite at 950°C is therefore
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-iesponsible_for'the thin layer produced.

The hardness(Table.4.12) and microstructure  (Figures
A.3.1.(b) - 3_3,5.{53) of the hardened and tempared tool
steels confirmed that all these samples were adequately
- heat treated, except for the H13 steel. Nonetheless, the
coating thickness produced on the aiwnealed, 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
cqating thickness produced. This seems contradictory, but
it must he 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;ﬁhat'the coating thickness on the hardened
sample of thiﬁnpgrticular'material was markedly higher than
that on the annealed sample. This suggests that a treatment
temperature in the austenitizing range of these tool steels
would be most effective for producihg thicker coatings.

From these resulhs, it can be seen that coating thicknesses
between 3~-10fim, which is regarded as aquuaté in practice,
were produced within 3-4 heurs 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 :treatment 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 1100°C 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
austenitiized to some extent  at this temperature
(Tabla.£.13). On cquenching, the austenite transforms to
martensite thereby increasing hardness to some degree._The
D3 steel whose austenitizing range lies between %20-980°C
had the greatest hardness because it was probably fully
austenitized. The as-quenched hardness of these tool steels
 varies with austenitizing temperature. The Ms temperatures
of these steels range between 200°C to 400%C, with some of
the steels, eg. the M2 steel, showing marked secondary
harderning -

From this discussion, it can be appreciated that the
treatment of tool steels by this coating process regquires
careful planning and control. Too high austenitizing
temperatures could cause incipient fusion, while tooc long
treatment times will lead to some grain growth. Quenching
at temperatures far below the Ms may result in quench
.cracks, and} improper temperihg procedure will reduce
koughness and impact properties. '

The hardness of the VC layer (Table.4.14) from tests done on
the cross-section of the layer compared well with the
values obtalned previously on coated EN9 steel substrate,
In this case, the values appeared to be slightly higher
- overall, perhaps due to wuenching 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 drops with load.

5.6.1. Microgtructure of VC Coated Tool Staels

The appearance of the VC layer on the toolsteels resembled
that of the coated carbon steels in texrms of uniformity and
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density: The salient features shown(rigﬂrn.t.ii.(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 Ffalrly rough edges presents a
number of practical advantages especially when one
considers the limitations of the line-of-sight processes,
eqg. PVD. ' o '

The ' substrate microstructure below the carbide layer
varied. In_all'cases, éxcept in the case of the H series
steels the alloy carbides in the matrix could be seen. The
H series steels showed extensive decarburisation below the
coating which was evident from the ferrite grains(white
areas) below the cnating. This is probably due to the low
carbon centent of these steels(0.3% C). It is not certain
what steps would have to be tazken in practice to overcome
this, but the“steel may have to be carburised ntlor to
coating. ;

T

The structure of the matrix of these steel$ was not studied
in any detail but the hardness test results indicate that
the matrix probably comprlsed a mixture of 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 carried out, in order to
produce the required microstructure and proﬁerties in the
substrate,
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5.7. Problem Areas ggg*gglg;ignﬁ _
5.7.1. Mgghgg of Immersign of Samplas

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 wllli have to bhe
considered carefully. A jig may prove to be suitable, but
this will have to be looked into. '

5.7.2.'Cieaning of Sampies

Cleaning of treated articles in boiling water proved to be

& fairly effective procedure. Often, a thin surface layer
of galt still remained attached to samples even after
cleaning in boiling water. A suitable solvent may have to -
be found to remove this deposit. | o

5.7.3. Cleaning of 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 relatively
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 "Two-Phage" Carbide lavers .

Although undeéirable, the formation of "two~phase" carbide
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layérs was an 1nterestlﬂg phenomenon. fﬁs shown in
Figura.4.48, the "two-phase®™ layer comprised an Fe-rich
phase(Figure.4.49) = surrounded by a V-rich phase
(Tiguré.i.SO). The Fe-content of this type of layer was
also shown to be very high(Table.4.15) . Microhardness tests
revealed that the hardness of such layers was low.compa:edu
with that of the normal VC coatings, ie. 1340HV(.$25, EvEn
more interesting was the fact that these layers seemed to
form in either FeV baths, or, FeV plus Al baths, hence the
deducticn that this problem was related to the use of FeV.

It is thought that the formation of such layers may be due
to the particle size of the FeV being used. Particles of
FeV(-500pum = -32 mesh) may become attached to the surface -
of the growing carbide layer, combining with carbon to form
a complex'(Fe;V)g%—type carbide phase. The gurrounding V-
rich phase, which is in essence the grdwing carbide layer,
grows around these particles to form the "two-phase" layer.
vVanadium 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
substrate 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 kaths, duplex layers
of (Fe,Cr),C;{outer layer) and (Fe,Cr),;C¢{inner layer) are
formed®®. 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 formation must be avoided,
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5.7.5. Spalling of Coated Samples

The occurrence of spalling(se- Section.4.6.5) was
associated with the build-up of 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. S5ince residual stresses can arise from volume
changes, which may be caused by thermal or structural
changes in the specific volumes of neighbouring regions of
a ;mate"rial {see Section.Z2.3.2), it seems likely ‘:.i:haf the
resitval stresses responsible for this spalling sriginate
from thermal or structural changes between the cbating 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 ¢n by
the martensite transformation, compensates for the
differential contraction between layer and substrate.

Without the volume compensation brought on by quenching,
residual stresses would develop in the VC goating. 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 that
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, '

The sign of this stress, ie. negativé 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 ¢ vc layer. . Theréfdre, without_
quenching, the substrabé would finally be in a state of
compressive residual ‘stress, while the VC coating which
contracts more slowly during cooling, is finally in a 'state
of tensile residual stress. Hence, the occurrence of
spallind' in the coating. With _qﬁench_:i.ng, ~the volume
-expansion ccmpenSates for the differences in volume between
substrate and coating which takes place during cooling.

5.7.6. Staining of Coated Samples

Micrographs presented ih_ Figures 4.58-4.61 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 areds of VC.as indicated by EDS
analyses(figu:a.4;60). The conclusion was therefore drawn
that these dark areas were areas'whe:e the carbide layer
grew with a morphology different to that observed
normally (Figure.4.8). In some cases the stalned areas.
congisted of cubic particles, whereas in other cases the
layer seemed to grow in lath form (Figure.4.58). AL
present, the cause of "“staining"™ is not known, but some
possible reasons regardlng the occurrence of these "“"stains"

are 1isted below. -

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

2) Decarburisation in these areas dﬁe-to_machining or in
the bath itself;
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4i'ﬁ change in the_groﬁth orientation of the layér

5)

resulting from the infiltration of "foreign" elements,
either from the substrate, the melt, or the steel pot,
thereby giving rise to the formation of a less even

carbide layer and therefore a different reflectivity;

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

CONCLUSIONS

VC coatings were formed in molten borax baths
containing FeV or V,;0; as carbide-forming additives,

"when the conditions in the bath were suff1c1ently

reduc1ng

aAluminium is effective as .a reducing agent and a

' deoxidising agent in baths containing FeV or V,0s.

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

thwth of the carbide layer may be reaction rate

‘controlled or diffusion rate controlled depending on

_ bath conditions. Generally, processes in older baths

tend to ba reaction rate controlled,

. The hardness of the VC coatings was consistent with

values quoted by other workers, and values found in
the literature for the bulk material.

Coatings produced iy this process comprigse VC with
small amounts of Fe diffused into the layer.

Increasing temperature and substrate caibon content
had a distinctly positive effect on the coating
thickness produced in a given time period.
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8. The particle size of the carbide-forming cdmpotpd
influenced the thickness of coating produced. The rate
of coating growth increased with smaller particle
size. o ' o

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

10. The detection of V,0; by XRD analyses on bath samples
confirmed the findings of other workers that a lower
- oxide of vanadium is the acttive species in the bath,

11. The corrosion rate of VC coated carbon steel -
substrates was reduced by 50-100 times in 1N H,50, at
25°C., - ' '

12. Pits formed on the surface of VC coated carbon steel
substrates in 0.6M NaCl solution at 30°C temd 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

could be exten¢ -0 other bath types, such as baths

for producing NbC or Cr-carbide coatings. The study
could also be evtended to include other types of _
melts, for example flouride melts. Such information
could also lead ti the development of other types of
surface coatings.

An investigation intéléffective measures which could
_be taken to condltlon:agelng baths, ie. stlrrlng, bath
_additions, or othsr means

' Evaluation of 1Lhe mpar resistance of the vC coated
materials. '

Application of the VC coating to tools paying

~ particular attention to heat treatment in order to

optimise the propérties of the substrate msterial
while increasing the surface hardness considerably.

A;study of baths for producing other.types of carbide

coatings, ie. Cr-carbide pr-NbC’and evaluation_of the
coatings obtained in these baths.

The current problem ateas should also be investigated.
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A.1l. nist of Typical XRD Data obtained on V¢ Costed Samples -

UNIVERSITY OF THE WITWATERSRAND _ ' METALLURGY DEPARTMENT

raw data file name: VCCOAT.RD 28-oct-81  15:03
‘diffractometer: = PWLE20
x-ray tube: Cu LFF 40kV 30maA
wavelength(al, a2): 1,54060 1.54438
monochromator: YES
divergence slit: 1./
receiving slit: 4.1 .
range 2theta: 5.000 - 75.000
step width, time: 0.020 2.00
peaks file name: VCCOAT.DI 2B-oct-91  15:03
range d-value: 1.2654 - 17.6596 '
. range tip width: 0.01 - 1.00
mintmum significance: 0,75

paak  d-value angle widtk  peak backg.  I/Imax signif.

no. (a°) (deg)  (deg)  (cts)  (cts) %)

1 14.1189 6.255 0.080 10 = 123 7.72 . 2.3
2 9.9783 8.855 . 0.060 45 85 3.14 0.85
3 6.1460 = 14.40  0.060 44 19 3.08 - 1.97
4 6.0635  14.58 ' 0.060 88 49 .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 12,19 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 1,18
9 4.4569  19.80  0.080 42 32 T 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 23 5.30 1.18
12 3.8244 23.24 0.060 69 28 4.82 0.96
13 3.8101 24.64 - 0,060 50 18 3,53 1.04
14 3.5287 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 1,54
20 2.4904 36.0% 0,800 10 16 0.72 0.83
21 2,4044 37.31 0.120 1253 i1 87.70 6.65
22 2.3964 37.5 0.140 1340 17 93.75% 4.7a
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
26

27
28

29

30

n
32
33
34
35
36
37

38 .

39
40

4L

42
43
a4
45
46
47
48

2.0790
2.0729
2.0210
1.5083
1.8976
1.8554
1.8313
1.7032

1.6743

1.6227

1.6012

1.5667

1,5533

1.5332
1.5077
1.4868
i.4747
1.4705
1.4295

'1.3887
1.3552

1.3141

1.3067
- 1.2942.

. 48.49

43.63

. 44.81

47.61
47,90
49.086

49,75

53.78
54,79

56.68"
. 57,51

$8.90

59,46 -

60.32
61.45
62.41
62.98
é3.18
65.21
67.38
63.28
71.77
72.24
73.05

- 0.100
0.080
0.180
0.120
'0.060

0.060
0.080

0,120

0.06D

-0.080

0.560
0.080
0.240

0.060

0.080
0.080

©.0.100
0.080 .

0.400
0.060
0.120
0.060

0.060

0.080

1429
1310
. 180
35
38
72
67
15
|
46
16
18
10
67

86
324
471
27
21
- 26

23

29
35

100.00
91.71
12.57
2.44
2,69
5.06
4.71
‘1.06
1.97

3.24

1.12
1.29
0.172
4.7
1.89
6.05
22.68
32,96
1.89
1.48

- 1.82

1.61
2.04
2.44

5.45
1.51

- 3,86

1.69
0.77

1.39

3.76
1.26
2.44
0.95
2.03

1,87

0.95
1.43
1.27
4.08
1.258
0.81 '

. 2.14

2,83
2.86
2.58
0.75
2.28
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A.2. List of Typical XRD Data obtained from Bath Samples

UNIVERSITY OF THE WITWATERSRAND - METATLURGY DEPARTMENT

-raw data file name: 1QVSAL.RD 1l-nov-91  13:08
diffractometer: PN1820 .
- ¥-ray tube: Cu LFF 40kV 30mA
- wavelength (al, a2): 1.540€0 1.54438 -
monochromator: YES o
divergence slit: 1/2
recelving slit: 0.1 o
range 2theta: 5.000 - 75.000
step width, time: 0.020 1.00
peaks file name: 10V5AL.DI ~l-nov-91  13:08
range d~value:  1.2654 - 17.6596 :
- rahge tip width: 0.01 - 1.00
‘ainimum significance: 0.75 '

d-valuw angle  width pask  backg. I/Imax  signif.

peak

no. a%) -, _ {deg) {deg) (cts) . {cts) (%)
1 17.347% ' 5.090 ~ 0.100 . 77 4.~ 35,35 2.44
2 . 16.4897 5.35p 0480 . 7 4 35.35 3.26
3 10.0235 = 8.815 - 0.120 32 46 14.63 - 2,11

4 5.6922 15.555  0.060 2 67 14.83 .99
5 5,1933 17.060 0,060 128 77 58.30 1.47
6 5.0365 17.595 0.060 - 50 B6 - 23.01 . 1.47
7 4.9901 . 17.760 0.060 . 983 86 37.81 0.82
8 3.6232  24.550 0.120 161 114 - 73,68 2.61
9 2.8622 31.225  0.060 §5. 137  25.00 1.17
10 2.7710 32.280  0.060 56 128 25.68 ' 1.175
11 2.6920 35.255 0,120 193 125 - es,21 2.09
12 2.4627 36.455.  0.060 151 110 69.07 1.10
13 2.1755 41.475  0.200 B9 - 104 27.67 0.91
14 2,0142 44,970 0.120 - 69 1.1 31.45 - 2.05
1% 1.8429 . 49.415  0.060 49 10 22,37 0.86
16 1.8232 49,985  0.080 86 104 39.49 . 0.90
17 1.6930 ‘54,130  0.080 219 74 100.00 1.46
18 ‘11,6649 55,120  0.0&D 45 67 20.49 1.59
i9 1.6392 56.060 ©0.060 %0 49 41.20 1.01
20 1.6123 57.080  0.060 n 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 S 1.42
23 1,4686 63,270  0.240 42 - 48 19.29 1.60
24 1.4280 £5.290  0.080 135 41 61.43 2,40
25 1.4070 66.390 0,080 74 32 33.717 2.40
26 1.3811 . £7.800  0.06D 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 Tgol Steels

A.3.1. ﬁz-rgg;_gteel

ko

@ A

(0) 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 Stsel

(a)

w |

Fxgur& A.3.2. Micrastructure of (a) as- recelved
(b) hardened and tempered samples.
Etched nital.
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».3.3. H13 Yool Steel

(2) BN

“(v) M

F;gure A, 3 3. Microstructure of (a}. as-received
(b) hardened and tempered samples.
Etched nital
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A.3.4. H21 Tool Steel

{a) |

Figure.h.3.4. Microstructure of (a) as-received
(k) hardened and tempered samples.
Etheced nital.
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A.3.5. M2 Tool Steel

(a)

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