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ABSTRACT

The present investigation is aimed at preparation 
of Tic reinforced ferrous composites by smelting of ilmenite 
ore in a plasma reactor and at characterising the products. 
The main objectives of the investigation were as follows.

a) Design and fabrication of a 35 kW dc extended trans­
ferred arc plasma reactor for composite preparation.

b Preparation of Tic rich Fe-TiC master alloys and Tic 
reinforced cast iron composites by carbothermic reduc­
tion of ili.ienite in a bed of steel scrap using a plasma 
reactor.

c) Preparation of Tic reinforced steel composites through 
incorporation of Tic rich Fe-TiC master alloy in a 
liquid steel.

d) Study of the metallurgical characteristics of Tic rich 
Fe-TiC master alloys and Tic reinforced cast iron as 
well as steel composites.

e) Evaluation of the wear characteristics of Tic rein­
forced cast iron and steel composites.

The master alloys and cast iron composites were pre­
pared by carbothermic reduction of ilmenite ore in a graph­
ite crucible. Steel composites were prepared by dissolving 
Tic rich Fe-TiC master alloy in plain carbon or alloy steel 
melts in an induction furnace. While Fe-TiC master alloys 
were obtained as semifused masses, Tic reinforced cast iron 
and steel composites were fluid and could be cast in metal 
or sand moulds. The effect of slag basicity, percent excess 
of reductant, gas composition, crucible material etc., on 
recovery, carbon pick up etc., has been studied.

The master alloys and composites were characterised by 
various standard techniques. The mechanical and wear proper­
ties of the products were also determined.

It has been shown that Tie rich Fe-TiC master alloy and 
Tic reinforced cast iron composites can be produced by 
carbothermic reduction of ilmenite ore. Composites contain­
ing 8-10 wt pet Ti and 3-4 wt pet carbon can be readily 
cast. Tic reinforced cast iron composites possess attractive 
wear resistance properties. Tic reinforced steel composites 
also possess attractive wear resistance and mechanical 
properties.

Key words : Plasma smelting, ilmenite, wear resistant 
composites
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CHAPTER - ONE

INTRODUCTION



1.0 GENERAL

In recent years, research on composite materials 

has gained considerable momentum and cast aluminium metal 

matrix composites have already been commercialised [1], The 

literature on TiC reinforced ferrous composites [2-5] indi­

cate that generally TiC is introduced in ferrous matrix 

either through powder metallurgy route or through direct 

precipitation from the melt of the appropriate alloy 

[2,6,7], One research group, however, has tried direct 

carbothermic reduction of ilmenite in a levitation melting 

furnace to produce small quantities of composite [8]. The 

liquid base route for producing composites provides an 

opportunity for casting the components into different shapes 

and, therefore, offers advantages over the powder metallurgy 

route. In the present investigation an attempt has been made 

to produce Tic reinforced composites by carbothermic reduc­
tion of ilmenite ore in a plasma furnace. A 35 kW dc trans­

ferred arc plasma reactor was specially designed and fabri­

cated for this purpose.

The feasibility of various reactions and tempera­

tures required vor smelting of ilmenite by carbon can be 

readily ascertained by the knowledge of thermodynamics. Some 

of the important reactions considered are as follows.



z

Ti02 (s) + 2 C (s) = Ti (s) + 2 CO (g) ...........(1 .1 )

AG°T = 16b, 058.73 - 83.675 T Cal 

Hence, A G 0*, = 0 at T = 1973 K

Ti02 (s) + 3 C (s) = TiC (s) + 2 CO (g) ....... (1.2)
AG°t = 120, 458.3 - 81.515 T Cal 

Hence, A.G°T = 0 at T = 1496 K

Ti02 (s) + 2 TiC (s) = 3 Ti (s) + 2 CO (g) ...... (1.3)

A g °t = /54,258.3 - 89.995 T Cal 

Hence, A G ° T = 0  at T = 2825 K

3 TiC(s) + Fe203(s) = 2 Fe(s) + 3 Ti(s) + 3 C0(g).(1.4) 
A G ° T = 234, 560 - 125. 13 T Cal

Hence, AG° t = 0 at T = 1874.5 K
\

2 TiC (s) + Fe203 (s) + C (s) = 2 FeTi (s) + 3 CO (g)

.... (1.5)
A G ° t = 183 , 9 60 - 121.96 T Cal 

Hence, AG° t = 0 at T = 1558 K

TiC (s) + Fe203(s) = 2 Fe (s) + Ti02 (s) + CO (g)..(1.6) 

AG° t = - 19 , 698.33 - 35.135 T Cal 

Hence, A g°t = o at well below room temperature

The thermodynamic data used are from the litera­

ture [Metallurgical Thermochemistry by 0. Kubaschewski and 

E. LL. Evans, Pergamon press, Oxford, 1965] [9]. The thermo­

dynamic calculations for ilmenite reduction are similar to 

those of TiC>2 reduction and are presented in Appendix I.
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It may be noted that TiC formation [Eq. 1.2] re­

quires a lower temperature compared to that for the forma­

tion of metallic titanium [Eq. 1.1]. Hence, the reaction 

product of carbothermic reduction of ilmenite would contain 

TiC. To prepare a composite by direct smelting of ilmenite, 

it becomes essential to control the carbon content of the 

reaction product. One of the options available is to carry 

out carbide - oxide reaction [Eq. 1.3] which requires a 

temperature in excess of 2825 K. The other possibility is to 
oxidise away the carbon from the reaction product of Eq. 1.2 

by iron ore. These reactions [Eq. 1.4 and Eq. 1.5] appear to 

be feasible at temperatures above 1875 and 1558 K, respec­

tively. However, another reaction possible, which would 

convert TiC back to Ti02 during TiC - iron ore reaction [Eq. 

1.6]. This reaction is thermodynamically feasible well below 
the room temperature. Therefore, the method of controlling 

carbon by reacting Tie with iron ore would result in loss of 

titanium. Another option available is to prepare composites 

by carrying out smelting of ilmenite in a bed of steel scrap 

or reduce ilmenite along with iron ore. To carry out this 

reaction one can use either a resistance heated electrical 

furnace or an arc furnace or a plasma reactor. A resistance 

heated furnace does not allow quick response to heating of 

charge. Hence, it was decided to use either an arc furnace 

or a plasma reactor. A plasma reactor offers several advan­

tages for the preparation of such composites. The plasma arc 

covers almost the entire surface of the bath in the crucible 

furnace and as a result the bath can be easily superheated.
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This is a positive advantage because TiC particles remaining 

suspended in molten iron reduce its fluidity. This problem 

can be eliminated to some extent by raising the melt temper­

ature. The carbothermic reduction of ilmenite to Tie is also 

likely to proceed easily within the arc crater. Moreover a 

transferred arc plasma reactor can be conveniently designed 

and fabricated utilising the principle of gas injection 

through an axial hole of an electrode. An ordinary welding 

transformer can be used as a power source. Hence, it was 

decided to design and develop indigenously an extended 

transferred arc plasma reactor for smelting of ilmenite.

Amongst all the thermodynamically feasible routes, 
there are several options regarding preparation of Fe-TiC 

composites. The objectives of the present investigation were 

defined after a careful consideration of all the available 

options.

OBJECTIVES

The specific objectives of the present investiga­

tion were as follows:

i) To design and fabricate a 35 kW dc transferred arc 

plasma reactor for composite preparation.

ii) To prepare TiC rich Fe-TiC master alloys as well as TiC 

reinforced cast iron composites by carbothermic reduc­

tion of ilmenite in a bed of steel scrap contained in a 

plasma reactor.
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iii) To prepare CiC reinforced steel composites by incorpo­

ration of TiC rich Fe-TiC master alloy in liquid 

steel.

iv) To study the metallurgical characteristics of Tie rich 

Fe-TiC master alloys and TiC reinforced cast iron as 

well as steel composites.

v) To evaluate the wear characteristics of Tic reinforced 
cast iron and steel composites.

The thesis consists of five Chapters. The first 
Chapter introduces the subject and defines the problem. 

Literature review is presented in Chapter II. Design of the 

extended transferred arc plasma reactor and experimental 
aspects for preparation and characterisation of composites 

are described in.Chapter III. The results, discussions and 

conclusions of various investigations are presented section 

wise in the next Chapter while a general discussion and 

major conclusions are summarised in Chapter V. List of 

references, figure captions, Table titles, biodata of the 

author etc., are included in appropriate places.



CHAPTER - TWO

LITERATURE REVIEW
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2.0 INTRODUCTION

The present investigation envisages preparation of 

TiC reinforced ferrous composites by smelting of ilmenite 
ore in a plasma reactor. A brief review is presented here 
first on the application of thermal plasma technology in 

metallurgy. Some data pertaining to thermodynamics and phase 

equilibria of iron-titanium-carbon system are presented next 

in different sections. A detailed literature review on 

preparation and characterisation of Fe-TiC composites is 

then presented followed by a brief summary of the literature 

review.

2.1 METALLURGICAL APPLICATIONS OF THERMAL PLASMA

The present day thermal plasma arc systems have 

evolved over the past two to three decades as a modern proc­

essing technology. The arc heaters were developed at power 

levels of 500 !cW to 35 MW during 1960s [10] for aerospace 

testing of materials in USA. These systems were developed 

for generating extremely high temperatures to simulate the 

conditions for reentry of space vehicles into earth's atmos­

phere. Reentry requires only a few minutes of testing time. 

Thus, the design criteria for thermal arc systems require 
high enthalpy content of gas at high temperatures instead of 

long service life of the torches at a given power level. 

With the evolution of plasma technology over the years,



various industrial applications were envisaged which led to 

the development of reliable, high powered thermal arc plasma 

systems.

In metallurgical applications of thermal plasma 
arc technology for a specific process development several 
unique advantages can be considered. Some of them are as 
follows [11-13 1:

a) Gas environment control : Energy can be provided to a 

system with any desired oxygen potential (ie. , oxidis­

ing, reducing or inert gas conditions) independent of 
the temperature.

b) Fine particle feed capability : Plasma arc reactors 

can operate with a wide range of gas flow rates. Hence 

pneumatic transport can be used to introduce fine 

particles into the plasma flowing stream. Thus, the 

process of agglomeration of the fine particle feed 

can be avoided.

c) High temperature ; The average gas temperature in a 

plasma reactor can range from 3000 to 6000°C, which is 

far above that attainable in conventional reactors.

d) High energy fluxes : A maximum heat flux attainable in 

an argon plasma jet is 4.5 kW/cm2 as against 0.3 

kW/cm2 for oxygen-fuel flame. The energy flux for a dc 

transferred arc, around 16 kW/cm2 , and is due to
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additional heat flux coming from electron transfer in 

the area of anode arc root attachment*

e) High throughput : There is considerable scope for 

achievement of high throughput in open bath processes 

because of attainment of high reaction rates.

f) Plasma state conditions : Activated species, ions 

electrons etc., are present in the plasma depending on 

the degree of ionisation of gases. Conditions exist to 

exploit the activated species, ions etc., for a possi­

ble "Plasma effect1 to occur, however, these have not 

been done commercially as yet.
c

g) Rapid quenching : High temperature gradients in loca­

lised plasma and surrounding gas permit ultra rapid 

quenchinc; of both gases and particles.

h) Control of refractory consumption : The directionality 

of plasma jet prevents the flaring of arcs to side 

walls. Refractory erosion of roof can be controlled by 

proper control of the charge and slag layer.

i) Rapid response : The reactors can respond to tempera­

ture changes within a relatively short time.

j) Low noise level : Acoustical and electrical noise 

levels are decreased considerably.
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Thus, the application of plasma technology to 

metallurgical systems offer greater degree of freedom as 

regards charge composition, particle size distribution, 

operation etc.. Like any other process, plasma processes too 
suffer from a few limitations and some of them are as 

follows [14-16]: .

a) Plasma systsit; necessarily requires electrical power as 

a source of energy.

b) Input of gas is essential to generate and sustain 

plasma. The use of gas adds to the cost of production.

c) The potential advantages namely, the rapid response 

time and greater flexibility in process control may 

also prove to be disadvantageous, since operational 

difficulties can be experienced if appropriate control 

measures are not available and enforced rapidly. 

Therefore, for an effective operation ofo^plasma reactor 

levels of control required are stricter than that for 

convention'll submerged arc furnaces.

d) There is high loss of energy via radiation from the

exposed surface of the bath and plasma arc column in 

particular in open bath configuration.

e) Sensible energy of high temperature off gases is lost 

if no heat recovery system is envisaged.

f) There is need for continuous balancing of the feed and



power inputs, particularly in the arc attachment zone, 

to minimise unwanted side reactions. The unwanted 

reactions demand additional energy and result in pro­

duction of undesirable reaction products.

g) Plasma arc heat does not penetrate deep in a molten 
metal pool, hence, innovations are required to improve 

heat transfer in the system.

In spite of the limitations listed above there are 

overall advantages due to the availability of high tempera­

ture with high enthalpy content enhancing the reaction 
kinetics and improving productivity. Therefore, considerable 

interest lies in the development of plasma systems suitable 

for a given process and interfacing it in a reactor to 

obtain maximum advantages.

2.1.1 Plasma State

A plasma, some times referred to as fourth state 

of matter, is a gas containing neutral atoms and molecules 

in their fundamental or excited states, photons, ions and 

free electrons being on the whole electrically neutral. The 

term "plasma1 was introduced by Langmuir [17] in 1923 while 

investigating electrical charges. He defined plasma as a 

gas composed of equal number of positive ions and elec­

trons ' .

10
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Neutral at room temperature, a gas becomes an 

electrical conductor at sufficiently high temperatures. When 

a gas is heated, the molecules are dissociated at about 2300 
K [18]. At still higher temperatures of about 3300 K, the 

thermal agitation of atoms causes them to collide, and 

disintegrate into free electrons and positively charged 

ions. At sufficiently high density of charges, an ionised 

gas becomes a plasma. A basic property of plasma is its 

quasineutrality i.e., the number of negative charges and 

positive ions per unit volume of plasma are approximately 

equal. The percentage or degree of ionisation of a plasma, 

which is a function of its energy content, results from a 

dynamic equilibrium between the rate of formation of 

positive ions c,nd free electrons from parent atoms or 

molecules. This is counterbalanced by a recombination proc­

ess, where a free electron coming too close to a positive 

ion is captured and the initial atom or molecule is recon­

stituted.

Plasma is classified into two types depending on 

its thermodynamic state [19, 20]. First is the thermal plas­

ma, also referred to as equilibrium, hot or atmospheric 

plasma, which occurs when heavy particle (ion) temperature 

(Th) and electron temperature (Te) are approximately equal. 

In this case thermodynamic state of plasma reaches equilib­

rium. The thermal plasma is generated when the pressure in a 

reacting systerr Ls greater than 104 Pa. Such type of plasma



may be produced by high intensity arcs or high power RF 

discharges. The other type of plasma, referred to as non­

equilibrium or cold plasma, occurs at pressures less than 

104 Pa. This type of plasma is identified by low, heavy 
particle temperature (T^) and high electron temperature 

(T ). Glow discharges are the examples of such plasma. The 

difference between thermal and nonequilibrium plasma is 

shown in Fig.

2.1.2 Plasma Devices

The thermal plasma device essentially consists of

electrodes, power supply unit and control input of chosen 

gas composition to obtain a stable arc with a provision to 

increase voltages to a maximum that can be used. Three basic 

type plasma devices [21] are used in various plasma process­

es. These include ac, dc plasma devices and the electrode- 

less high frequency induction plasma heating devices. The 

ac, dc plasma devices are classified according to the mode 

of arc attachment namely, transferred and nontransferred 

devices as illustrated in Fig. 2.2.

In a transferred arc system the energy dissipation 

is by the gas phase and also by heating of condensed phase 

(solid/liquid), while in^non-transferred arc system the 

energy dissipation is due to gas phase alone [10]. Hence the 

transferred arc device efficiency is greater. These devices 

can operate at extremely high currents upto 100,000 amperes 

and have low rate of gas flow. The non-transferred arc

12
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F i g . 2 .1  L o w - p r e s s u r e  versus h igh-pressure  arc and approximate  
definition of bcol thermodynamic e q u i l ib r iu m  ■ ( R ef .19)



14

Cathode

r

External anode(?)------[

Non-transferred - arc 
system

Transferred-arc 
system

F i g .2,2 N o n - t r a n s fe r  red - arc and t r a n s f  e r r e d - a r c  
s y s te m s  (R e f .  10)



15

devices operate at high voltages upto 6000 V and require 

high rates of gas flow. The operating characteristics of the 

transferred and non-transferred devices are indicated in 

Table 2.1.

2.1.3 ElectrocSes

The plasma arc devices of industrial significance 

operate with currents ranging from 10 to 10 amperes. A 

solid electrode requires good electrical conductivity to 
carry current in this range without prohibitive heat loss 

and/or erosion rates. The electrodes must not only carry the 

arc currents, but also be in contact with the arc itself. 

Most materials are vapours at the temperature needed to get 

the current density typical of plasma arc torch operation 

namely, 103 to 104 A/cm2 . In practice graphite and "doped1 
tungsten are two materials used for cathode since these two 

substances can deliver sufficiently high current densities 

below their sublimation or melting points. Usually tungsten 

electrodes ar£ water cooled while massive graphite elec­

trodes can be used without water cooling. About 2 wt pet 

thoria is added to tungsten to reduce the work function from

4.5 to 2.6 eV* A 10 mm diameter water cooled thoriated 

tungsten can carry a current upto 10 kA. The current density 

for thermionic emission is about 12 kA/cm2. The life time of 

such electrodes is 300 hour.

Graphite electrodes are used in a plasma reactor 

both for ac and dc operating conditions. The work function
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Table 2.1

Operating characteristics of nontransferred and 

transferred plasma reactors [10]

Non transferred Transferred

Gas flow rate High Low
Gas type Reactive Inert (reactive)

Torch efficiency 80 pet High(95 pet)
Power level <3 0 MW <40 MW
Current voltage <2000 amp 

<6000 V
<10 0,000 amp 
<1000 V

Reactor design Shaft tube Crucible bath

Energy recovery Desirable Not required
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of graphite ifi 4.6 eV. Typical current carrying capacity of 

graphite is 20 to 30 A/cm2 depending on the quality. Fig.

2.3 shows relationship between electrode diameter and the 

current carrying capacity for two grades of graphite for ac 

and dc operation [22]. At a current density of 20 A/cm2, a 

435 mm diameter graphite electrode is required to carry 30 

kA, but an electrode of the same diameter can carry 50 kA 

under dc operating conditions. This is because of the ab­
sence of skin effect in dc operating conditions. Usually 
graphite electrodes are not water cooled. The electrodes can 

be replenished while the reactor is in operation.

The current densities at anode attachment are 

usually somewhat lower than that at the cathode, the choice 

of anode material can include a number of metals with fairly 

good thermal conductivity. Copper is frequently used as 

anodes in plasma torches.

In plasma torches cathode may have rod, button or 

tube shape. The rod can have either flat or pointed end. 

Both anode ani cathode are water cooled. The rate of elec­

trode erosion is largely a function of current and hence, 

lower current rates are used wherever higher voltages are 

allowed. To minimise the electrode erosion, the arc attach­

ment points are rotated by adopting thermal pinch effect 

and/or applying magnetic fields whenever torches are de­

signed to operate with moderately high current.
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2.1.4 Gas Injection Through an Axial Hole of Graphite 
Electrode

The important development of transferred arc 

reactors is the use of graphite as electrode and passing 

plasma forming gas through the axial hole of the electrode. 
Maddever and Segsworth [23] have studied the influence of 

gas injection on arc stabilisation and electrode consumption 

in electric arc furnaces while investigating some of the 

problems inherent in electric arc steel making. These are 

the instability of arc during meltdown period resulting in 

extinguishing and reigniting of arc many times. This causes 
disturbance in arc voltage, arc current and power levels and 

produce high level of acoustical noise. The transformers are 

subjected to greater stresses. Another problem inherent in 

electric arc melting is the amount and rate at which energy 

is supplied by the arc. A short arc having low resistivity 

supplies less heat than a long arc. However, long arc is 

inefficient as its radiation accelerates refractory wear.

Injecting a gas through an axial hole of an elec­

trode drastically improves the arc stability, reduces acous­

tical noise, smoothen the oscillograms of voltage curve 

which is otherwise a square wave form indicating higher 

noise level. With the injection of a gas it is possible to 

increase the arc length considerably eg., from say 3/4 inch 

to at least 3 to 4 inches at a given power level [24]. Ex­
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tended arc is less prone to extinguishing and arc is softer 

and more diffuse.

The Metallurgy and Materials Science Department of 

the University of Toronto has developed extended arc flash 

reactor [25-27] in both transfer and nontransfer mode using 

the principle of gas injection through an axial hole of 
electrode. A major breakthrough in the use of transferred 

arc heaters for processing of solid fine particulate was the 

development of hollow graphite electrodes by Mintek/ASEA 

[28], This development eventually resulted in the 30 MW 

ferro-chromium plant installation at Middleburg Steel and 
Alloy (MS&A) in Krugersdrop, South Africa. The relative 
advantages of use of graphite as an electrode in a trans­

ferred arc plasma reactor are as follows [29]:

a) lower consumption of gas

b) absence of source of water in the furnace reactor

c) variability of the current carrying capability

d) possible use of nitrogen to replace argon

e) capital savings on deionised water circuit and on 

instrumentation

f) tolerance of foaming slags during operation

g) little energy loss through cooling of electrodes

h) little need of skilled repair

The stated disadvantage is consumption of graphite 

electrode. Insulation of graphite electrode and roof seal is 

critical.
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2.1.5 Trends \ * i Design of Plasma Reactors

Plasma reactor systems are built around the plasma 

arc device which may be referred to as a heater, torch, 

generator or gun. The reactor may be a simple melter or 
complex smelter. It includes a reactor chamber such as a 
crucible or hearth or may be a space such as the reaction 

zone cavity formed in front of plasma tuyers in a shaft 

furnace. The mode of arc attachment as transferred or non­

transferred is only the first of several design options for 

plasma device or heater. In addition, to mode of arc attach- 

ment other design options include the following [28]:

a) The electrode material ; eg. copper, tungsten, graphite

b) Water cooled and non water cooled cathodes

c) Ac or dc operations

d) Electrode polarity for dc arc

e) Single or multiphase ac arcs

f) Composition and feed rate of plasmagen gas

g) Powder feeding up stream, within or down stream of the 

fully developed arc and/or through the electrode body, 

and

h) Arc stabilisation by magnetic, mechanical and/or aero­

dynamic means.

A variety of plasma devices have been designed 

based on various array of options and have been patented and 

promoted for high temperature processing applications. Thus
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it is important to note that the selection of plasma device 

strongly determines the reactor configuration and design of 

plasma process systems.

A major feature that distinguishes a plasma arc 

reactor from the conventional electric arc furnace is the 

influence of gas phase on the reactor design. The following 
factors are considered as more relevantT

a) Type of gas; inert or reactive
b) The flow rate of gas; high or low

c) The interaction of gas with reactants; chemical or 

physical
d) The importance of gas as a heat transfer medium, and

e) The effect of gas on the arc stability

Initially plasma reactors were designed with the 

concept of "Plasma enhanced reactions" i.e by excited gas 

species and emphasis was laid on direct contact of particles 

passing through the plasma. Non-transferred gas heaters are 

used for bulk processing of materials while transferred arc 

system would have low gas flow rate as a distinct advantage. 

Thus, subsequent developments concentrated on use of trans­

ferred arc attachment mode to augment various advantages 

built in the reactor system. The major breakthrough was the 

development of transferred arc process for processing solid 

fine particles through hollow graphite electrode, a Mintek 

development.
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Thus, recent developments in plasma reactors have 

been towards simplicity.

2.1.6 Development of 35 kW PC Extended Arc Plasma Reactor

A 3 5 kW d.c extended arc plasma reactor has been 
designed and developed indigenously at Regional Research 

Laboratory, Bhubaneswar [30] following the principle of gas 

injection through an axial hole of a graphite electrode. It 

is a pot type reactor, with two graphite electrodes arranged 
in vertical configuration in the reactor. The top electrode 
(cathode) is having an axial hole to pass plasmagen gas. The 

bottom electrode (anode) is connected to crucible hearth. 

The top electrode has a provision to move up and down for 

stabilisation of arc. The reactor has a facility to tap both 

metal and slag. A 35 kW DC arc welding power source has been 

connected for supplying power to the reactor. The detailed 

design parameters and operation of the reactor are explained 

subsequently in the Experimental Chapter.

2.2 THERMODYNAMICS AND PHASE EQUILIBRIA OF 
IRON - TITANIUM - CARBON SYSTEM

The iron-titanium carbide composite under investi­

gation is a three component system consisting of iron, tita­

nium and carbon. An understanding cf Fe-Ti, Fe-C and Ti-Cc
binary phase diagrams and Fe-Ti-C ternary phase diagram is 

essential to develop Fe-Ti-C composites. A literature review
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on the phase equilibria and transformations in the Fe-Ti-C 

system is presented below.

2-2-1 Iron - Titanium Phase Diagram

Iron-titanium phase diagram [31] is shown in Fig.
2.4 it may be seen from the diagram that there is a r iron 
loop with its vertex located at 0.6 wt pet (0.7 at pet) Ti, 

The solubility of Ti in a iron decreases from 6.3 wt pet 

(7.2 at pet) Ti at 1350° C to about 2.5 wt pet (2.9 at pet) 

Ti at 600° C. An eutectic reaction occurs at 14 wt pet (16 

at pet) Ti resulting in primary solid solution of iron 
(about 6 wt pet (6.9 at pet) Ti) and TiFe2 phases. The 

eutectic temperature is located at 1340°C. The TiFe2 phase 

contains 30.0 wt pet Ti and has a maximum melting point of 

1530° C. TiFe2 is isotypic with MgZn2 (C14 type) crystal 

structure and has the following lattice parameters: 

a = 4.64°A, C = 7.80°A and c/a = 1.633.

FeT.i phase has been identified by X-ray analysis 

of alloys containing 46-75 wt pet (49.8 to 77.8 at pet) Ti 

after prolonged annealing between 560 to 650° C. The phase 

is reported to be b.c.c. with a lattice constant of 

2.975°A. There is a peritectoid reaction in titanium rich 

side i.e., at 85 wt pet (87 at pet) Ti, 590° C, where G-Ti 

transforms to a-Ti and FeTi phases. The solubility of iron 

in a~Ti is less than 0.2 at. pet. There is an eutectic 

reaction at 68 wt pet (71 at pet) Ti and 1085°C where liquid 

Fe-Ti alloy solidifies into 6-Ti and FeTi phases. There has
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been many conflicting reports about the presence of Ti2Fe 

phase [ 32-35] ,

2.2.2 iron - Ce.rbon Phase Diagram

Iron-carbon phase diagram [31] is shown in Fig. 

2.5. The phase diagram is well known. Therefore, it is not 

being discussed here.

2.2.3 Titanium - carbon Phase Diagram

Figure 2.6 shows titanium-carbon phase diagram 
[36]. Ti-C system has been worked out upto 70 at pet C. In 

addition to 6-Ti (bcc) and a-Ti(cph) solid solutions, there 

is an equilibrium carbide phase TiC with 32 to 48.8 at pet 

C. It may be noted from the phase diagram that there is yet 

another carbide phase, Ti2C, in which vacancies are ordered 

in the carbon sublattice. Ti2C carbide phase which contains

3 3.3 at pet carbon, is the product of congruent reaction of 

Tic at 1900°C. The phase diagram shows the following two 

eutectic reactions'.-

L = Jl-Ti + Ti2C ; at 1.8 at pet C at 1648 + 5 ° C ---  (2.1)

L = TiC + C ; at 63 at pet C at 2776 ± 6°C .........(2.2)

There is a peritectoid reaction written as follows’-
fi-Ti + Tie = a-Ti ; at 0.6 at pet C at 920°C ...(2.3) 

Tic containing 44 at pet C is formed by the following con-*
gruent reaction.

L = TiC ; at 44 at pet C at 3067 ± 15°C ............ (2.4)



27

I534*C

0 .1 0  V. 

& phase.

1 6 0 0  -

1---1---1---r
Peritectic point

^  J 4 9 3 * C

oo
*s0;u.ZJa-<

aUa>Q.
£Q>

1 3 0 0

Y Phase 
-  (austenite)

0 .02 %

2 . 0 6  V.

T'+Fe C(austenite 4 -cementite)

7 0 0

6 0 0

5 0 0

4 0 0

3 00

200

100

7 2 3  °C

£u t<  t^oid point

at 4- FejC ( ferr ite +  cementite)

i 0 . 8 V .

(Cementite 6 

1 4 .3  •/.

Fe
0 .5  1.0 1.5 2 .0  2 .5  3 .0  S.5 4 . 0  4 .5  5 . 0  5 .5  6 .0  6 .5

Weight percent carbon

^ ' 9 - 2 . 5 The metas-tcible system F e -F e 3C. ( R e l 3 1 )



Atomic Percent Carbon

Ti Weight Percent Carbon

F i g . 2 .6  Ti -  C Phase d ia g r a m  ( R e l 3 6 )



29

The various stable phases present in Ti-C system are shown 
in the phase diagram.

2.2.4 Iron - Titanium - Carbon Phase Diagram

Iron rich corner of Fe-Ti-C [3, 37] phase diagram 

with basal projects of liquid surfaces is shown in Fig. 2.7. 

The phase diagram shows the boundaries where TiFe2 , TiC, 

a-Ti, r-Fe, Fe3 C anĉ  graphite phases exist.

Amongst various phases present in Fe-Ti-C system, 

TiC phase is of greater interest because of its refractory 

properties. The following section presents thermodynamic 

properties of TiC, its solubility in r-iron and its proper­

ties .

2.2.5 Thermodynamic Properties of TiC

The heat of formation of TiC has been measured 

by various researchers [38-40] and Humphrey's corrected 

value [41] of -184.51 ± 1.63 kJ mol-1 is taken as a stand­

ard. The standard entropy of formation i.e., S°2gg of TiC is 

reported to be [42] 24.23 ± 0.2 J mol-1 K'1. The free 

energy of formation of TiC from a-Ti, 6-Ti and Ti (liq­

uid) have been derived by various investigators and the 

following values have been taken as standards [41, 43, 44].

Ti (a) + C (s) = TiC (s) ................  (2.5)
G° ( + 12, 600) = -183,050 + 10.08 T Jmol^K'1 (298 - 1150 K)

Ti (6) + C(s) = TiC (s) ...............  (2.6)
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Weight Percent Carbon

F i g .2 .7  Iron - r i c h  corner of the F e - T i - C  phase diagram showing 
the basal projection of l iquidus s u r fa c e  . ( R e f .3 )
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G° (±12, 600) = -186,606 + 13.22 T Jmol-1!^1 (1150 - 2000 K) 

and

Ti(liquid) + C(s) = TiC (s) ............. (2.7)

G°T (± 8,400) = -590,211.8 + 146.4 T Jmol_1K“1 (2383-2593 K)

2.2.6 Role of Titanium in Microalloyed Steels

Titanium can behave as both a precipitation 
strengthener and a grain refiner depending on its concentra­
tion in the steel [45, 46]. Precipitation strengthening in­

creases with decreasing particle size and increasing volume 

fraction. Titanium carbide begins to exert a strengthening 

effect over 0.05 wt pet Ti in a steel. Addition of titanium 

in the range of 0.01 to 0.02 wt pet retards austenite grain 

growth and improve toughness. Irvine et al., [47] have 

studied the effect of titanium addition (upto 0.3 wt pet) on 

grain refining and precipitation strengthening in steels. 

There is no increase in strength properties with increasing 

titanium content above 0.03 wt pet in 0.5 and 1.0 wt pet Mn 

steels. The average grain size decreases as the titanium 

content in the steel is increased. Addition of higher 

amounts of Ti to steel seems to oppose the beneficial effect 

of grain refinement by precipitation of TiC and depletion of 

Ti in solution. El-Fawakhry et al., [48] have shown that as 

quenched hardness of V- and Ti-microalloyed steels depend 

solely on carbon content. Tempering of quenched microalloyed 

steels produces secondary hardening at 550-600°C (1 hour).
*-

Titanium microalloyed steels have shown higher overaging
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resistance compared to vanadium microalloyed steels. El- 

Fawakhry et al., [49] have also observed coarse titanium 
nitride particles (> 5 jim) together with carbosulphide 

particles in Ti microalloyed steels. Mekkawy et al., [50] 

have studied the effect of rolling schedule on mechanical 

properties of V and Ti microalloyed steels. Increase in 

finish rolling reduction is effective in producing fine 
grains in microalloyed steels. However, there was a decrease 

in precipitation strengthening effect. Robertson [51] has 

studied the temper resistance of pressure hull steels mi­

croalloyed with Nb, V and Ti. Most of the Ti added to the 

steel precipitated as TiN cuboids at high temperatures and 

acted as nuclei centres for precipitation of Nb(C, N).

From the preceding discussion it may be deduced 

that titanium added to microalloyed steels acts as a precipi­

tation hardener and grain refiner. The effect varies depend­

ing on titanium content and carbon content in the steel and 

to bring about precipitation hardening it is essential to 

bring titanium in solution. Presence of nitrogen in steel 

leads to TiN formation whereas presence of non metallic 

inclusions like sulphides brings down the dissolution of 

titanium in steel. The particle size and volume fraction of 

titanium carbide play very important role in improving 

strength properties and influencing the grain size.



33

2.2.7 Solubility of Tic in Austenite

Improvements in properties of steel are achieved 
by addition of various alloying elements. Factors that 
control the properties of a steel include grain size, solid 
solution hardening, dispersion hardening by carbides and 
nitrides and the amount of pearlite in the microstructure. 

For example, addition of niobium results in grain refin­

ing because of the formation of carbide particles and these 

particles may also produce dispersion strenthening. These 

effects are influenced by controlling the heating cycle to 

bring an alloying element in solution, while the cooling 

cycle controls the precipitation. Therefore, it is important 

to study the solubility relationships of elements in steel.

Irvine et al., [52] have studied the solubility of 

titanium in a silicon killed steel containing 0.1 wt pet C,

1 wt pet Mn and 0.007 wt pet N. The titanium content was 

varied from 0.058 to 0.35 wt pet. The chemical analysis 

technique was used to evaluate the solubility product 

relationship. The results indicate that the solubility of 

TiC is described by the following equation:

-7000
Log [Til [C] ------- + 2.75 ...........  (2.8)

T

Their study on the effect of austenitising temperature and 

cooling rate on tensile properties and grain size of 0.105 

wt pet Ti steel with 0.1 wt pet C did not show any sig­

nificant variation in properties. This indicates that there
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is little solubility of TiC in austenite and, hence, little 
precipitation. However, the study on a steel with 0.37 5 wt 

pet Ti plus 0.15 wt pet C, 1.5 wt pet Mn, 0.35 wt pet S and 

0.0055 wt pet N steel showed that it was possible to improve 

the strength properties through austenitising at 1250°C 

followed by air cooling. The electron micrograph of this 
steel showed precipitation of Tic particles indicating 

that the alloy wJth Ti and C contents nearer to the stoichi­

ometric Ti : C ratio has greater solubility.

Balasubramanian et al., [53] have carried out 

experimental investigations on thermodynamics of Fe-Ti-C 

austenite and solubility of TiC. They have derived thermo­
dynamic relationships for alloys containing higher amount of 

carbon taking into account the solute interaction parameter. 

The solubility of carbides at high carbon levels is 

expressed by the following equation.

9070
Log[(wt pet Ti) (wt pet C) ] = ------ + 4.10

T
1205

+ [---- + 0.24] wt pet C ...(2.9)
T

This equation has been experimentally verified in steels 

containing carbon upto 1.903 wt pet and titanium upto 0.95 

wt pet. A linear relationship has been obtained for the plot 

of solubility product of TiC vs carbon content. As the 

carbon content in steel increases the solubility product 

increases. Further, as the temperature of austenitising
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increases the solubility product increases for a given 

carbon content in the alloy.

2.2.8 Properties of Tic

The elements of group IV and V transition metals 

namely Zr, Ti, Hf, V, Ta and Nb form refractory carbides. 

These carbides exist over a wide range of composition [54, 

55] without a change in crystal structure [56]. The carbon 

to metal ratio may change from 0.5 to 0.97. These compounds 

are isomorphic and crystallise in NaCl structure. They all 

share properties of exceptional hardness, high melting 
point, low thernal conductivity and semimetallic electrical 

conductivity. The physical properties of TiC [57] are given 

in Table 2.2-

TiC crystals become sufficiently soft for plastic 

deformation at temperatures above 800°C in uniaxial compres­

sion [58]. The slip systems for this is {111}, <110> [59]. 
The hardness drops by two orders of magnitude from room 

temperature following an exponential temperature dependence.

It may be noted that TiC is a refractory carbide. 

The high temperature softening properties of TiC brings in 

a serious limitation on application of TiC as a structural 

material. Boron doping of TiC significantly changes the 

hardness properties.



Table 2.2 

Physical properties of Tic [57]

Structure type 

Lattice parameter 
Melting point 

Density g/cc

Electrical conductivity (ohm-cm)

Thermal conductivity 
Cal sec. cmC°/cm

Young's modulus (Units 106 psi)

Co-eff. linear thermal expansion 
(Units 10"6 / °C)

Poisson’s ratio

Hardness kg/mm2

Modulus of rupture (Units 103 psi) 

Surface energy, erg/cm2

B1

4.330 A 

3 2 50°C 

4.95 

60-250 

0.041

60.0

5.5

0 . 2 0

3200

124

1200
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2.3 PRODUCTION AND CHARACTERISATION OF Fe-TiC COMPOSITES

In recent years considerable attention has been 

paid to the development of metal matrix composites which 

offer significant improvements in structural efficiency, 

reliability and mechanical performance over monolithic 
alloys [60]. Composites based on lighter structural metals 

like aluminium, titanium and magnesium are being developed 

world wide to improve strength and wear resistance [61]. 

The development of iron based metal matrix composites is 

aimed at improving wear resistance, and/or cutting perform­

ance with sufficient toughness while reducing the cost of 
production over existing materials eg., Co-WC cemented 

carbide. One such composites developed is iron - titanium 
- carbide composite.

Iron based TiC metal matrix composites are pro­

duced commercially by the powder metallurgy route and are 

sold under various trade names like Ferro-TiC, Tic alloy and 

Ferro titanate [4, 5, 62]. In recent years, investigations 

have been carried out to produce these composites by 

following routes:

a) In situ production of Fe-TiC composites by reactions 

in liquid iron alloys

b) Carbothermic reduction of ilmenite and rutile

c) Dispersion of TiC in liquid iron alloys
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Various aspects of these processes have been 
discussed in derail later in this Chapter. A brief review on 

the principles of preparing cast metal matrix composites is 

presented at first.

2.3.1 Principles of Preparation of Cast Metal Matrix 
Composites

The development of aluminium graphite cast compos­

ites by injecting nickel coated graphite particles with 

argon gas into n molten bath of aluminium marked the begin­
ning of cast metal matrix particulate composites [63]. In 
1968, Ray [64] developed cast aluminium-alumina compos­

ites by incorporating alumina particles by stirring the 

molten alloy with an impeller as the particles were added 

and thus, the process of stir-casting emerged. Today, a 

number of processes have been developed and commercialised. 

A recent review on 'Synthesis of cast metal matrix particu­

late composites' by Ray [1] has discussed comprehensively 

various techniques developed for preparation of cast compos­

ites and Fig. 2.8 shows different cast routes for synthesis 

of such composites. Table 2.3 shows a list of cast metal 

matrix composites developed over the last three decades 
[65], Exceptir.g the XD process, where dispersoids are pro­

duced by a chemical reaction in situ in an alloy matrix, 

other processes involve introduction of dispersoid phase 

externally.
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Table 2.3
List of composites developed [65]

Matrix Dispersoids Amount

Aluminum based Graphite flake 0.9-0.815 pet
Graphite granular 1-8 pet
Carbon microballoons
Shell char 15 pet
A1203 particles 3-30 pet
A1203 discontinuous 0-23 vol pet
SiC particles 3-20 pet
Sic whiskers 10%, 0-0.5 vol
Mica 3-10 pet
Si°2 5 pet
Zircon 0-30 pet
Glass particles 8 pet
Glass beads (spherical) 3 0 pet
MgO (spherical) 10 pet
Sand 36 vol pet
TiC particles 15 pet
Boron nitride particle 8 pet
Si2N* particle 
Chilled iron

10 pet
36 vol pet

Zr°2 4 pet
Tl°2Lead

4 pet 
10 pet

Copper based Graphite
Al o O-i vol fra. 0.74
ZrOn 2 .12 vol petSteel Ti°2
Ce02
Illite clay 3 pet
Graphite microballoons

Tin-based babbitt Graphite particle
metal

Al^Cu
Tin based d. jZn
Mg based Graphite fibres 40 vol pet
Zn based Ni-coated graphite

Pb 7 pet
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Early attempts to introduce ceramic particles 

into a molten bath either by manually plunging or by injec­
tion below the bath surface through an inert gas had limit­
ed success due to rejection of particles from the melt [63, 
66]. The fundamental requirement for transfer is the 
wetting between ceramic particle and the melt [65], General­
ly, ceramics are poorly wetted by molten metals and they can 
be introduced by inducing wettability or by use of mechani­
cal agitation like stirring [65]-

In recent years a number of techniques to improve 
wetting have been developed based on the principle that the 
contact angle 0 can be decreased by increasing surface 
energy of the solid, tsv, decreasing the solid/liquid inter­
facial energy, ts ,̂ or by decreasing the surface tension of 
liquid metal, r^v [67], The techniques to promote wetting 
between ceramics and molten metals are listed below.

i) Metallic coating of refractory particles such as Ni 
or Cu

ii) Additions of reactive elements like Mg, Ca, Ti, Zr and 
P to the melt

iii) Heat treatment of dispersoids
iv) Ultrasonic irradiation of the melt

Metallic coating of ceramic particles improve the 
wetting by changing the contacting interface to metal/metal 
instead of metal/ceramic. Heat treatment of dispersoid 
particles before their dispersion in the melt aids their



transfer by causing desorption of adsorbed gases from the 
ceramic surfaces. Ultrasonic irradiation of melt promote 
wetting as a result of partial desorption of adsorbed 
gases from the surface of particles and supply energy for 
melt cavitation which facilitate particle dispersion in 
the melt.

The addition of reactive elements to the melt 
promote wetting by reducing the surface tension of the melt 
and decreasing the solid/liquid interfacial energy of the 
melt or by inducing wettability by chemical reaction. 
Reactive elements segregate either to the melt surfaces or 
at the metal/ceramic interfaces improving the wettability. 
Thus, wetting of ceramic particles by metallic melt is an 
important criteria for preparation of metal matrix particu­
late composites.

Some of the techniques developed to disperse 
dispersoids in a liquid melt [68-74] are listed in Table
2.4.

2.3.2 Wetting of Tic by Iron

To disperse the particles in a melt, the fundamen­
tal requirement is the wetting between ceramic particles and 
the melt. The wettability of TiC in liquid iron has been 
determined by measuring the contact angle by sessile drop 
method. Table 2.5 shows various values of contact angle 
obtained by Naidich [75].

42
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Table 2.4
Techniques developed to disperse dispersoids in the melt

Technique Reference Remarks
(1) (2) (3)

Dispersions 
chemically produ­
ced within melt

68 Dispersoids are produced through 
chemical reactions. It is the 
oldest method.

Gas injection in 
melt or stream

69,70 Powder is introduced through a 
pneumatic injection gun. Some 
times dispersoids are added in 
the mould while filling the 
melt.

Pellet method 71 Pellets or briquettes are formed 
by co-pressing dispersoid and 
base alloy powder. The pellets 
are plunged in liquid melt while 
stirring it either manually or 
mechanically.

Vortex method 72 A vortex is created by stirring 
the liquid melt by an impeller 
and simultaneously dispersoids 
are added. ~ . Xt is an 
extensively used method.

Ultrasonic
dispersion

73 Dispersoids are injected through 
a shot gun while irradiating 
liquid melt by ultrasonic sound.

Centrifugal
dispersion

74 The particles are dispersed 
using centrifugal acceleration.
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Table 2.5 
Values of contact angle [75]

T°C Atmosphere Contact angle 0 deg

1550 Hydrogen 49
1550 Helium 35
14 9 0 Vacuum 28
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From the Table it may be noted that the measure­

ment of contact angle depends on the gas atmosphere. The 
wettability is highest under vacuum followed by helium and 
hydrogen atmosphere.

2.3.3 Dispersion Test

The degree of dispersion that can be achieved in 
liquid matrices is known to depend on various process param­
eters namely temperature, liquid matrix composition, compo­
sition and surface properties of dispersoid and ambient 
atmospheric composition [76]. Though wettability is an 
important criteria, one cannot infer the degree of disper­
sion by knowing the wettability. Terry et al., [76] have 
developed a dispersion test for development of TiC dis­
persed iron composite. The test relies on electromagnetic 
levitation of molten metal drop with the dispersoid phase 
where effects of parameters like melt composition, gas 
atmosphere, surface properties of dispersoid and tempera­
ture, on degree of dispersion can be studied easily. The 
dispersion test provides qualitative assessment of dis­
persion as the levitated metal-dispersoid phase droplet is 
quenched and examined by optical/electron microscope and 
phases identified by X-ray diffraction. There are several 
advantages of such a levitation test. Some are as follows t—

a) Use of crucible is eliminated and therefore, crucible 
material contamination is avoided.
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b) Well mixed heterogeneous melts are obtained which can 

indicate the wetting of solid component achieved as a 
result of vigorous stirring.

c) Gas surrounding the melt can be changed and its effects 
can be studied, and,

d) Quick heating and attainment of equilibrium provide 
the basis for a rapid test procedure.

The limitation of the test lies in its inability 
to assess the segregation behaviour of the dispersoid as the 
quantity of charge is very small.

2.3.4 Conventional Method of Production of Fe-TiC Composites

Fe-TiC composites are produced and marketed by 
M/s. Alloy Technology Inc. (USA) under a trade name of Ferro
- Tic [2]. The composites are produced by distributing TiC 
in a hardenable steel, stadnless, tool or alloy steel ma­
trices. The composites are produced by powder metallurgical 
route involving a vacuum sintering at 1500°C to attain 
full density. The reinforcing Tic particles are of typically
5 fxm in diameter. The composites are fully heat-treatable to 
impart various physical and mechanical properties. Table 2.6 
indicates the range of composites produced by M/s.Alloy 
Technology Inc., USA. Principal uses of such a composite are 
in cutting, machining and wear resistant applications.
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Table 2.6 
Fe-TiC composites developed by 

M/s. Alloy Technology Inc. USA [2]

Grade Carbide Matrix alloy
(Vol pet) type

Remarks

CM

SK

45

45

40

High chrome 
tool steel

Medium alloy 
tool steel

Hot work 
tool steel

Good temper resistance, wear 
parts or general purpose 
tooling and heavy forming 
upto 600°C.
Tools, dies and wear parts. 
Excellent dampening in 
annealed condition.
Good thermal shock and impact 
resistance, hot work appli­
cations, cold heading dies 
and hammers.

CS-40 45 Martensitic
stainless

High hardness with corrosion 
resistance of 400 series 
stainless steels.

HT2 45 Age harden- 
able nickel

Very good oxidation and 
corrosion resistance 
Excellent size stability. 
Resistant to stress corrosion 
and thermal shock.

CN-5

J

S - 45

45

40

45

Age hardnable 
copper-nickel
High speed 
steel

Austenite
stainless
steel

Excellent resistance to sea 
water environment.
Good temperature resistance 
for elevated temperature 
tooling upto 7 30 C.
Excellent corrosion resistance 
of 300 series stainless 
steels.
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TiC alloy (trade name) is developed by M/s.Seil- 
strofer, Germany. The composite typically contains 4 0 volume 
percent of TiC in a heat treatable alloy steel matrix. These 
are produced by hot isostatic pressing.

Composites containing 40-45 volume percent Tie 
embedded in alloy steel matrix are available from M/s. Thys- 
sen, Germany under trade name Ferro-titanit.

The following are limitations when a compo­
nent is produced by a powder metallurgical technique"“

a) Mixing of carbide and matrix powder must be thorough in 
order to achieve uniform dispersion of reinforcing
phase.

b) Mould design must be simple in order to avoid segrega­
tion of reinforcing phase during compaction and sinter­
ing.

c) Sinter parts must be trimmed or machined into final 
shape and such operations become difficult because of 
extreme hardness of the materials, and,

d) Sintering cycle and environment are very critical to 
obtain dense components with near theoretical density.

Therefore, attempts are being made to develop 
alternate, cost effective processes.
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2.3.5 in situ Production of Fe-TiC Composites by Reactions 
in Liquid Iron Alloys

Beeley and co-workers [77, 78] have developed a 
method of producing primary dispersion of hard carbide 
particles by addition of carbide forming elements to molten 
steel bath. They have modified tungsten-bearing high speed 
tool steel structure and properties by introducing addi­
tional alloying elements designed to form primary carbide 
dispersions. The dispersions provide enhanced hardening of 
the steel and also refine the otherwise coarse dendrite 
pattern in the cast structure.

Generally, component of complicated shape such 
as milling cutters are produced by machining mechanically 
wrought blanks. The process involves heavy stock removal, 
high machining costs and *|o\£ metal yields in terms of 
useful products. Therefore casting process^; by virtue of 
their capacity to fill the moulds to obtain finished net 
shape^offer considerable advantages over the conventional 
process. Cast to shape products have inferior properties 
due to their relatively coarse structure characterised by 
massive carbide net work. The addition of carbide forming 
elements just before casting was first developed for hot die 
steel application using maraging steel as a base alloy [77], 
Stoichiometric addition of Nb or V and carbon to high speed 
tool steel produced highly modified as cast structure. The
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volume of carbide fraction created was about 14 pet with 3 
to 10 urn carbide particle size.

A similar technique was adopted by Terry et al., 
[6] while developing in situ Fe-TiC composite by reactions 
in liquid iron alloys. To develop such a composite two ap­
proaches have been made namely a) addition of carbon to 
iron-titanium alloy and b) addition of titanium to iron- 
carbon alloy. The findings of these experiments are de­
scribed.

Addition of carbon to iron-titanium alloy :

Iron 5.2 wt pet Ti alloy was prepared in an 
induction furnace by melting appropriate quantities of 
carbonyl iron and titanium. The iron-titanium alloy was 
remelted in an alumina crucible by induction heating and 
stoichiometric amount of carbon was added in the form of 
coal to convert alloy titanium to titanium carbide. The melt 
was maintained at 1550 °C for 20 minutes to complete the 
reaction. The microstructure of the alloy showed uniform 
distribution of discrete TiC particles. Based on the results 
of the above study, an iron - 24 wt pet Ti alloy was pre­
pared by melting requisite quantities of elements at 17 00 °C 
for 20 minutes. The 24 wt pet Ti alloy showed the presence 
of Fe2Ti intermetallic phase and the alloy was brittle. 
About 33 g of Fe - 24 wt pet Ti alloy was remelted and 4 g 
graphite powder was added to the melt. The resultant



mixture was held at 1600 °C for 15 minutes in a graphite 
crucible by induction heating. The microstructure of the 
alloy showed an excellent dispersion of well-rounded TiC 
particles in ferrite matrix. The volume fraction of TiC 
generated was in excess of 40 pet. The material was ductile 
as significant deformation could be given when samples were 
crushed for analysis. The carbide dispersion appears to be 
uniform and the metallographic examination showed dendritic 
net work of carbide phase in an iron matrix.

Addition of titanium to iron-carbon alloy :

The composite was developed by addition of titani­
um filings to a levitated drop of 3 wt pet carbon cast iron. 
The reaction time was as short as 80 seconds at 1600°C and 
the conversion of titanium to titanium carbide was virtually 
complete. The metallographic examination showed even distri­
bution of TiC particles of 10 /xm size dispersed in pearlite 
matrix. This is so because the addition of titanium was 
such that 0.75 wt pet carbon remained in the matrix thus 
confirming the pearlite observed during the metallographic 
examination.

The various advantages claimed by the investiga­
tors for in situ production of Fe-TiC composites are as 

follows:

i) The need for preparation of filler reinforcing car­

bide is avoided.
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ii) In situ reaction results in stronger bonding between
matrix metal and reinforcing phases.

iii) Gas absorption, oxidation and other detrimental surface 
reactions at metal filler phase interface are avoided.

iv) Liquid base route provides an opportunity to cast 
composites of required final shape, and

v) The conditions for good dispersion of filler rein­
forcing materials could be established to achieve a 
minimum porosity.

Thus technical feasibility on preparation of in 
situ TiC reinforced composite by reaction in liquid iron was 
established by Terry et al, [6].

2.3.6 Carbothermic Reduction of Ilmenite and Rutile

Terry et al., [8] have investigated the carbother­
mic reduction of rutile and ilmenite to produce Ti(0,C) 
metal matrix composite. The reactions that were considered 
by the investigators are as follows.

For ilmenite
xFe + Fe2Ti03 + 4 C = (x+1) Fe + TiC + CO ....(2.10) 
and for rutile
xFe + Ti02 + 3 c = xFe + TiC + 2 CO ..........(2.11)

To obtain a required Fe/Tic ratio in the compos­
ite an excess amount "x1 iron powder was added. The exper­
iments were carried out with 1 g of premixed iron powder
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(carbon saturated), ilmenite or rutile and collie coal in 
various proportions. The premixed powder was compacted and 
reduced in a tube furnace under argon atmosphere. Reduction 
temperature was varied between 1300 to 1600°c. A few experi­
ments were carried out with 60 g charge in an induction 
furnace. Investigations were also carried out with 
addition of fluxes like CaCl2, CaF2, MgCl2 or BaSC>4. The 
important results of the investigations may be summarised as 
follows 1—

a) The reaction product contained Ti(0,C) rather than TiC, 
and has been attributed to lower reduction temperature.

b) At lower reduction temperatures (1300 to 1430°C) very 
often conversion to TiC or Ti(0,C) was incomplete and 
some oxide phase M203 remained. The energy dispersive 
x-ray analysis in SEM of M203 showed that bulk of metal 
M was titanium and bulk of manganese impurity in ilme­
nite was also associated with it.

c) As the temperature of reduction was increased, Ti(0,C) 
phase became richer in carbon.

d) Excellent dispersion of Ti(0,C) was obtained when 
carbon saturated iron in premixed powder was replaced 
by iron-titanium-carbon alloy powder.

e) In general, addition of flux improved the kinetics of 
Ti(0,C) formation and promoted separation of Ti(0,C) 
product from iron phase.
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f) Formation of Ti(0,C) was rapid when rutile was reduced 
instead of ilmenite.

g) The oxycarbide product was often found to be agglomer­
ated in clusters of roughly the same size as original 
rutile particles, similar to those obtained in experi­
ments with ilmenite without flux.

h) The optimum conditions for composite formation appear 
to be achieved by reducing ilmenite or rutile with 
carbon at temperatures of the order of 1500°C in 
presence of excess carbon.

i) The scaling up experiments required maintenance of 
reducing atmosphere and removal of carbon monoxide gas 
from the reaction site.

It is seen that the technical feasibility on 
preparation of Fe-Ti(0,C) composites by carbothermic reduc­
tion of ilmenite or rutile has been established.

2.3.7 Dispersion of TiC in Liquid Iron Alloys

Terry et al., [76] have also investigated the dis­
persion of TiC and Ti(0,C) in iron, iron-carbon, iron- 
titanium and iron-titanium-carbon alloys by electromagnetic 
levitation technique. Ti(0,C) was prepared by carbothermic 
reduction of rutile and coal at ISOO^C. Experiments were 
also conducted on the in situ preparation of Ti(0,C) by 
levitating a mixture of carbon saturated iron, rutile and
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collie coal and a mixture of ilmenite, carbon saturated iron 
and collie coal at 1500°C. Large scale experiments were 
carried out in an induction furnace by melting metal and 
TiC pellets weighing 20 g in an alumina crucible. The 
important findings of the investigation are as follows:

1. In the temperature range studied i.e., 1500 - 1600°C, 
temperature had little effect on the degree of disper­
sion.

2. Dissolution of TiC is favoured in low carbon iron 
alloy. Dispersion of TiC is improved by prolonging the 
levitation with higher quantities of Tic in low carbon 
iron alloy.

3. Dispersion of TiC was minimal in pure iron or low 
carbon iron alloy. Semiquantitative electron probe 
analysis showed 0.5 to 1 wt pet Ti dissolution in the 
matrix.

4. Dispersion of TiC is favoured as the carbon content in 
the alloy is increased. Generally, 0.2 to 0.8 wt pet 
Ti is dissolved in the matrix of such alloys.

5. TiC dispersion was better in Fe-3.7 wt pet C alloy 
compared to that of Fe-5.2 wt pet Ti alloy. The 
presence of titanium and carbon in solution in iron 
alloy promotes dispersion of TiC.

6. The dispersion of Ti(0,C) prepared in situ was
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better compared to that of Ti(0,C) prepared separately 
and levitated in iron-carbon alloy. This may be due to 
surface oxidation or contamination of Ti(0,C) pre­
pared separately thus reducing the wettability.

7. The ternary phase diagram of Fe-Ti-C system shows that 
the carbon content of iron has negligible effect on 
solubility of TiC. However, the micro structures of 
levitated samples do not show complete dissolution of 
TiC. This observation has been attributed to a kinetic 
barrier for the dissolution of TiC especially in the 
high carbon iron melts.

8. The precipitation of TiC from Fe-Ti-C matrix would be 
expected to occur on cooling both in the liquid and 
solid state as the TiC solubility decreases with tem­
perature. The precipitation of TiC could occur on pre­
existing TiC or as separate precipitates.

9. Tie is more easily wetted than Ti(0,C). The degree of 
wetting improves as the temperature of reduction in 
case of in situ composite preparation is increased as 
the reaction product changes from Ti(0,C) to TiC.

The technical feasibility of TiC dispersion in 
liquid iron is now well established and the dispersion test 
developed gives a fairly good indication on the degree of 
dispersion.



57

2.3.8 Tribological Properties of Fe-TiC Composites

There is a substantial improvement in abrasive 
resistance of alloys when particulate carbides are dispersed 
in it [79]. In the past it has been observed in cobalt, iron 
and nickel base alloys that a larger volume fraction of car­
bide improves abrasive wear resistance [80], Gradually SiC- 
A1 composites are being adopted in automotive internal com­
bustion engines due to their enhanced wear resistance and 
desirable frictional properties [81]. Thus, volume fraction, 
particle size of dispersoid and their uniform distribution 
in the matrix are found to effect the mechanical properties 
very significantly [82-84], Wear resistance properties of 
some of the aluminium metal matrix composites [85-89] are 
presented in Table 2.7. Iron with 40 to 45 volume percent 
TiC reinforced particulate composites, fabricated by conven­
tional powder metallurgical route, and sold under various 
trade names are being successfully adopted in tools, dies, 
heavy forming or warm working upto 600°C and wear parts [2]. 
In the following section tribological properties of some 
iron-TiC reinforced cast composites are presented.

There have been some studies on evaluation of wear 
resistant properties of iron-TiC reinforced cast composites 
[79, 90, 91]. The effect of volume fraction of TiC and their 
particle size on wear resistant properties have been stud-
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ied. Co-efficient of friction has been measured and effect 
of heat treatment and volume fraction of carbides in compos­
ites have been determined. Table 2.8 gives briefly the 
details of various investigations. From the above studies it 
may be seen that tribological studies on cast Fe-TiC compos­
ites have not been very extensive.

2.4 SUMMARY

A wide range of Fe-TiC composites have been 
developed by powder metallurgical techniques and are commer­
cialised under various trade names. Alternate methods of 
preparing Fe-TiC composites have been in the initial stages 
of development and the technical feasibility of these proc­
esses have been established. The scale of investigation in 
these developments have been so low (i.e. g scale), it is 
difficult to assess the degree of dispersion visa-a-vis the 
segregation of TiC particles in iron matrix. The compos­
ites have been characterised mostly by metallographic 
techniques, XRD analysis, electron microscopy and electron 
probe analysis. A few micro hardness data are available.

Thus, there is a need to develop iron - Tic rein­
forced cast composites in large scale and evaluate their 
properties.
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CHAPTER - THREE

EXPERIMENTAL
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3.0 INTRODUCTION

The investigations on preparation of iron-titanium 
carbide composites were carried out in the following four 
phases:

1. Design and fabrication of transferred arc plasma reac­
tor

2. Preparation of TiC rich Fe-TiC master alloys and Tic 
reinforced cast iron and steel composites

3. Metallurgical characterisation of TiC rich Fe-TiC 
master alloys, TiC reinforced cast iron and steel 
composites

4. Determination of wear characteristics of the composites

The composites prepared and cast in either metal 
mould or sand moulds were subsequently characterised by 
chemical analysis, metallography, image analysis, scanning 
and transmission electron microscopy, x-ray diffraction 
studies and energy dispersive x-ray analysis. Mechanical 
properties like tensile strength, toughness and hardness of 
the composites were evaluated. Tribological tests like 
adhesive wear and abrasive wear were carried out to evalu­
ate wear resistant properties of composites. The experimen- 
tal details are described in subsequent sections.
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DESIGN AND FABRICATION OF TRANSFERRED ARC PLASMA REACTOR FOR 
COMPOSITE PREPARATION

The smelting of ilmenite was carried out in an 
indigenously developed 35 kW DC extended arc plasma reactor 
[30]. The description of the reactor is presented below.

35 kW DC extenflea arc plasma reactor

A schematic sketch of the extended arc plasma 
reactor is shown in Fig.3.1.

It is a pot reactor where a magnesia lined graph­
ite crucible serves as the reactor hearth. The crucible is 
thermally insulated by bubble alumina in a mild steel cas­
ing. The hearth is provided with a tap hole and a graphite 
spout is connected to it for tapping both metal and slag. 
Two graphite electrodes are arranged in a vertical configu­
ration in the reactor. The bottom electrode, anode, is kept 
fixed and the arc plasma stabilisation is done by movement 
of top electrode, cathode, which is actuated by a rack and 
pinion mechanisid. The ends of both the electrodes are water 
cooled. The cathode has an axial hole to pass plasma forming 
gas. A graphite, sleeve is provided in the lid with ceramic 
insulation to promote free travel of the electrode without 
electrically shorting the body. The lid is thermally insu­
lated by magnesia ramming mass and is furnished with an

3.1 Phase I
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1. Plasma 2. Magnesia Coating 3. Graphite Crucible U .  Bubble Alumina
S.M.S.Casing 6.Taphole  7. Alumina Bush S. Bottom Graphite Electrode
9. Water  In le t  10. W a te r  Outlet 11-OuttGt "for E’-xl'iaust Gases 12. Graphite 
Sleeve 13.Top Graphite  Electrode 14. Axial Hole 15. Copper Block 
16. P lasm a Forming Ga,s 17. E lec tr ica l  I n i t i a t i o n  18. Rack & Pinion 
Mechanism 19. H o p p e r

F i g . 3.1 Schematic d ia g ra m  of an Indigenously developed extended arc  
plasm a reac to r .  (Ref .30)
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opening for the exhaust gases. The anode is introduced into 
the hearth through a ceramic insulating bush to avoid the 
shorting of the reactor body. The power to the reactor is 
supplied by a dc arc welding power source.

Design data of the reactor

The most important design data are summarised.

Diameter of graphite electrode 25 mm
Diameter of the axial hole 3 to 6 mm
Electrode travel 300 mm
Diameter of the graphite crucible 175 mm
Height of the crucible 215 mm
Diameter of the steel casing 210 mm
Height of the casing 320 mm 
Rate of flow of plasma forming gas 0.5 to 3 liters /min
Rate of flow of water for cooling electrodes 3 liters/min
DC Power Supply 35 kW (100V,

350 A)
Maximum arc length 200 mm

Operation of the reactor

Both the electrodes are kept in contact with each 
other. The smelting charge consisting of ore, reductant and 
flux are thoroughly mixed and charged into the reactor 
hearth through the opening provided in the reactor. Water 
for cooling of electrodes and regulated flow of plasma 
forming gas like argon or argon and hydrogen mixture are
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ensured. As soon as the power to the reactor is switched on, 
the cathode is moved away slowly after striking the arc to 
stabilise the arc plasma. Metal and slag are tapped by 
opening the tap hole after completing the smelting opera­
tion. The power supply to the reactor is then switched off 
and flow of plasma forming gas stopped. The water circula­
tion to the electrode is stopped when the reactor hearth 
temperature is below 600°C. Generally, smelting a charge of
1 to 2 kilogram takes 30-45 -minutes.

3.2 Phase II

PREPARATION OF TiC RICH Fe-TiC MASTER ALLOYS AND TiC 
REINFORCED CAST IRON AND STEEL COMPOSITES

The experimental procedure for preparation of 
various master alloys and Tie reinforced ferrous composites 
are described in this section.

3.2.1 Experimental Parameters for Preparation of TiC Rich 
Fe-TiC Master Alloys

The influence of following experimental variables 
were studied to improve titanium content of the master alloy 
while smelting ilmenite by carbothermic reduction.

a) Carbon requirement - Stoichiometric to 200 wt pet 
excess carbon

b) Addition of flux - Silica, calcia, magnesia and calcium 
fluoride



67

c) Coating of reactor hearth - Magnesia and zircon
d) Addition of hydrogen to the plasma forming gas namely, 

argon - 20 to 40 pet by volume H2 in argon and hydro­
gen gas mixture

Charge preparation

All the investigations were carried out utilising 
ilmenite ore concentrates obtained from Kerala beach sand 
supplied by M/s. Indian Rare Earth's Ltd.. The elemental 
analysis of the ilmenite and its particle size distribution 
is shown in Table 3.1 and Table 3.2 respectively. Graphite 
powder with 98.5 wt pet fixed carbon was used as a reduct- 
ant. Chemical reagent grade oxides and fluorides were used 
as fluxes. Ilmenite was dried at 110°C to remove the mois­
ture in an oven. The smelting charge calculations were based 
on 400 g ilmenite in a batch. A typical charge composition 
for smelting is shown in Table 3.3. The smelting of ilmenite 
was carried out following the procedure described in section 
under the operation of reactor. Flow of argon gas was regu­
lated at 1.6 litres/minute throughout the period of experi­
ment unless otherwise mentioned. An arc voltage of 45-50 dc 
and 300 amperes current were maintained during the experi­
ment. The temperature of the molten bath was estimated by 
measuring temperature by optical pyrometer at short inter­
vals as soon as switching off the power to the reactor. The 
temperature-time plot was extrapolated to zero time to 
estimate the batch temperature just before power switch off.



Table 3.1 
Chemical analysis of ilmenite

Wt pet

Ti02 54 . 63
FeO 34 .31
s io 2 2.60
A1 0 3 1.13
Zr°2 0.43
MnO 0.36
KgO 0.57

Table 3.2 
Particle size analysis of ilmenite

jum Wt pet

4- 250 20.04
250 + 210 25.63
210 + 180 22.72
130 -f 150 19.56
150 + 125 2.02

125 + 90 8.45

90 0.09



Table 3.3

A typical smelting charge mix for 
preparation of Fe-TiC master alloy

Wt (g)

Ilmenite 400.00
Graphite 94.28
Steel scrap 220.00
Flux (CaO-fCaF) 16.00
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3.2.2 Preparation of Tic Reinforced Cast Iron Composites by 
Smelting of Ilmenite

Iron-Tic composites were prepared by smelting 200
/

to 250 g ilmenite with 100 ’ wt pet excess carbon over 
stoichiometric requirement and a kilogram of mild steel (0.1 
wt pet C) scrap, The experimental parameters that were 
investigated are as follows.

a) Duration of smelting - 25 to 35 minutes
b) Crucible coating -Magnesia and zircon.

No fluxes were added to the charge. The smelting 
was carried out under argon plasma. The composite were cast 
into sand and metal moulds.

3.2.3 Preparation of TiC Reinforced Steel Composites

These composites were developed by melting mild 
steel scrap (0.1 and 0.03 wt pet C) in an induction furnace 
of 5 kg capacity with a magnesia lined crucible. The TiC 
rich Fe-TiC master alloy ,was added to a liquid steel so that 
the titanium content in the composite ranged between 0.05 to
1.0 wt pet. Prior to addition of weighed quantity of the 
master alloy, the molten steel was deoxidised by the addi­
tion of Fe-Si (80 wt pet Si) and Fe-Mn (65 wt pet Mn) each 
amounting to 0.1 wt pet and the slag was removed. After 
complete dissolution of the master alloy the melts were 
poured into sand and permanent moulds. An experiment was 
carried out on dissolution of chemically pure Tic powder in 
a molten steel bath. Another experiment was carried out on



oxidising away of excess carbon of Fe-Tic master alloy by 
reacting it with iron ore (blue dust - 97.8 wt pet Fe2C>3 a 
variety of iron ore).

The cast test pieces were in the form of cylinders 
of 50 mm diameter x 200 mm length and rods of 25 mm diameter 
x 150 mm length. The chill cast test pieces were of rectan­
gular cross section of 15x15 mm square section and 240 mm 
long.

3.3 Phase III

METALLURGICAL CHARACTERISATION OF TiC RICH Fe-TiC MASTER 
ALLOYS AND TiC REINFORCED CAST IRON / STEEL COMPOSITES

This section describes the procedure for charac­
terisation of products of the present investigation.

3.3.1 Chemical Analysis

The titanium rich master alloy and TiC reinforced 
cast iron samples were analysed for titanium, iron and sili­
con following wet chemical analytical procedures. The trace 
elements like Mg, Ca, Al, Zr, S, P etc. were estimated by 
energy dispersive x-ray method by scanning the samples over 
a large number of spots. The values of these elements have 
been expressed in terms of ranges rather than as average 
values. The carbon content of master alloy and TiC-rein­
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forced cast iron composites were determined by using Stroh- 
lein's apparatus. Lead peroxide was used as a catalyst while 
combusting the samples for carbon analysis.

TiC-reinforced steel base composites were analysed 
by means of spectroscopes.

3.3-2 X-ray Diffraction Analysis

Various phases present in the master alloy, TiC 
reinforced cast iron and steel base composites were deter­
mined by x-ray diffraction analysis. The analysis was car­
ried out on Phillips x-ray Diffractometer PW 1710 model. X- 
ray diffraction was carried out on powder samples of master 
alloy, while solid specimens were used for analysis of com­
posites. Cu Ka er Mo Ka targets were used in this investiga­
tion. X-ray diffraction patterns were taken for 2© varying 
from 6 to 70° when Cu Ka target was used and 10 to 40° when 
Ho Ka target vas used. Scan speed was 1.2°/min. The peak 
positions were identified and compared with the microproces­
sor output to obtain the corresponding 1 d* values. The 'd' 
values were matched with standard ASM x-ray diffraction 
tables and the phases were identified and (hkl) planes were 
noted. The phases were classified based on relative intensi­
ty as strong (80-100 pet), medium (40-79 pet) and weak (10- 

39 pet).
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3.3.3 Metallography and Image Analysis

The microstructures of the master alloy and the 
TiC reinforced cast iron and steel base composites were 
examined after usual metallographic polishing and etching. 
Metallographic samples were always drawn from the bottom 
sections of the cast rods and corresponding portions of the 
forged rods. Photomicrographs of the representative samples 
were taken.

Leica Cambridge Quantimet Q 570 image analyser 
with microprocessor was used to determine carbide volume 
fraction, carbide particle size distribution and grain size 
in TiC reinforced steel base composites. A number of scans 
were taken tc estimate correct volume fraction and carbide 
particle size distribution. The grain size measurement and 
pearlite fraction in the composites were estimated after 
scanning whole sample area. In case of TiC-reinforced cast 
iron base composites volume fractions of carbide and graph­
ite were estimated.

3.3.4 Mechanical Properties of Tic Reinforced Steel 
Composites

Mechanical properties like tensile strength, 
ductility and hardness of TiC reinforced steel composites 

were evaluated.



n
Tensile strength

Tensile testing of Tie reinforced steel composites 
were carried out on as forged samples. 50 mm diameter cast 
rods were hot forged down k>15 mm diameter. The forged rods 
were homogenised at 1150°C for 2 hours and forced air 
cooled. The normalised composite rods were machined to 
prepare tensile test specimens of dimensions shown in Fig. 
3.2. The specimens were subjected to tensile testing in 
either 4 Ton universal testing machine UP M4 model from M/s. 
Trebel Werk, Dusseldorf, Germany or in a tensometer.

Tensile strength and ultimate breaking strength 
were calculated,. The percentage reduction of cross sectional 
area and elongation of specimen were also determined. The 
fractured surface of tensile test specimens were studied in 
SEM to know the nature of failure.

Hardness

Bulk hardness of composites were determined usings 
Rockwell hardness tester with diamond indenter 150 kg
load. The hardness values have been expressed in Rc scale. 
Indentations were made at^number of sites and variation in 
hardness values have been reported. Hardness of both TiC 
reinforced steel as well as cast iron based samples have 
been reported.

Hardness of the various phases was determined by 
means of a microhardness hardness tester (Leco-m-400) under
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0.71 R

(a)

8.1
7.6

27. 2

,5.06 6.0L4.or

2 5 .2

(b)

Fig^3 .2 Tensile test specimen la) U TM
(b) T e n s o m e t e r .  (Dimensions in mm)
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10, 25 or 100 g load depending on the particle/phase and its 
hardness. A large number of readings were taken and the 
range in which they are varying are reported.

Impact strength

Impact test specimens were prepared from the 
forged and normalised TiC reinforced steel base composites. 
Charpy impact tests were carried out at room temperature 
(15°C). The energy absorbed while breaking the sample was 
noted.

3.4 Phase IV

WEAR TESTING OF TiC REINFORCED COMPOSITES

Adhesive wear and abrasive wear testing of TiC 
reinforced composites were carried out. The equipments used 
and procedure adopted are described below.

3,4.1 Adhesive Wear Testing

Adhesive wear of TiC reinforced composites were 
carried on a 'Horizontal pin-on-disc friction and wear test 
rig' manufactured by Ducom, Bangalore Model TR-20. The 
schematic sketch of the rig is shown in Fig.3.3. The machine 
has a facility to vary normal load to the pin., rotational 
speed and wear track diameter. The tangential frictional 
force and wear were monitored with electronic sensors avail­
able in the machine. Both these parameters were recorded 
against time at a given speed of the disc and normal load.
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1. Rotating disc
2. Pin ho lder
3. Pin
U,  Load cell
5. Load indicator (kg)
6 . Displacement indicator (/j.m) 
7  RPM indicator
8 . Voltmeter
9. Ammeter

10. Set time meter
11. Weight

"̂’ 9 -3 .3  Schematic d ia g ra m  of  horizontal pin on disc f r i c t io n a l  
w e a r  test  r ig .
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The specification of the machine and parameters varied are 
mentioned below:

Specifications of the machine

The important specifications are as follows.

Pin diameter 
Disc size 
Disc material 
Disc rotation

Wear track 
Normal load 
Frictional force 
measurement
Wear measurement range 
Drive

Motor control

Parameters varied
Pin diameter 
Wear track diameter 
Disc speed 
Sliding speed 
Normal load

: 4, 6, 8, 10 and 12 mm 
: 215 mm and 8 mm thick 
: 103 Cri-Ens-31 HRS 60 W 62 
: 100-1100 rpm continuously
variable with digital tachometer 
180 mm 9 max, 50 mm © min
2 0 kg max
0-20 kg, digital readout with 
recorder out put.

: ± 2 mm range
: 1.1 kW DC motor constant torque 
230 V ± 5 pet, 15 amps 3 phase 50 
Hz AC

: Thyristor converter with full 
motor protection

6 mm 0 and 8 mm 9 
17 cm and 12.5 cm ©
600 rpm
5.5 m/sec and 3.92 m/sec
2, 6, 8 and 10 kg
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TiC reinforced cast iron and steel base compos­

ites were normalised after soaking at 950°C for 4 h and pins 
of 6 mm and 8 mm diameter were machined with 2 0 mm length. 
Wearing surface of pin was polished metallographically up to 
600 grit SiC paper. The wear characteristics of the experi­
mental cast iron composite specimens were compared with a 
standard spheroidal graphitic iron sample under identical 
experimental conditions. Similarly the wear behaviour of the 
steel based composites were compared with that of a standard 
low alloy steel. Wear track diameter, normal load and disc 
speed were kept constant during each test. Variation in 
frictional force and wear were measured from sensor outputs 
as a function of time. The testing of specimens were carried 
out till constant wear was obtained or till a specified 
amount of wear of 6 mm'took place. Worn out surface of 
composites and standard specimens were examined in the 
scanning electron microscope to ascertain the probable 
mechanism of wear. In some cases debris of samples were also 
collected.

3.4.2 Abrasive Wear Testing

Abrasive wear tests were carried out using a modi­
fied pin-on-disc machine [92]. A laboratory metallographic 
polishing machine was modified by fixing a 20 cm diameter 
alumina grinding wheel (Grade A.60 QV) in place of polishing 
wheel. A specimen clamp holder was mounted as shown in the 
schematic sketch of the modified Pin-on—disc machine
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(Fig. 3.4). The TiC reinforced cast iron and steel based 
composites of 15 mm x 15 mm x 50 mm was clamped in a holder 
and was held against the rotating wheel under load rigidly. 
Three different loads were applied for the test namely, 0.5,
1.0 and 1.5 kg corresponding to 4.9 N, 9.8 N and 14.7 N 
respectively. The spindle speed was 250 rpm, which at an 
average distance of 8.5 cm from the centre gave a linear 
speed of 2.2 m/sec. The loss in weight of specimens were 
measured at an interval of 10 minutes. The tests were con­
ducted till a constant loss in weight over two consecutive 
readings were obtained.

The abraded surfaces of the samples were examined 
in SEM to ascertain the probable mechanism of wear.

3.5 Scanning Electron Microscopy and Energy Dispersive x-
ray Analysis

A Camscan Series 2 DV, model scanning electron micro­
scope was used for examination of the master alloy, TiC - 
reinforced cast iron and steel base composite samples. 
Metallographically polished samples were deep etched in 
concentrated HC1 acid for 5 to 15 minutes and washed. The 
etched surfaces were then gold coated before examination in 
SEM. The carbide morphology in the master alloy and in the 
cast iron composites were examined. The graphite morphology 
in case of TiC-reinforced cast iron composite samples were 
also examined. The worn out surfaces of the wear test sam­
ples were examined to study the wear tracks and nature of
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used in the p r e s e n t  s t u d y  .
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wear. Fractographs of broken tensile test specimens were 
also taken.

Enerey dispersive x-ray analysis of samples was 
carried out using analysers attached to SEM. Some of the 
samples were analysed in a JOEL 35 - EDX analyser. Other 
samples were analysed using analysing system attached to a 
Camscan scanning electron microscope. Number of spots were 
analysed to arrive at the data. Elemental analysis has been 
reported as a variation over a range rather than average 
values. EDX analysis of carbide/matrix interface and inclu­
sions were also carried out. Bulk analysis of various com­
posites were carried out to arrive at concentration of trace 
elements. Here again scanning was done over a large area and 
elemental variation in a range is reported.

3.6 Transmission Electron Microscopic Investigation (TEM)

A few forged and normalised steel base composite 
samples were also examined in TEM by two stage replication 
technique. At first a plastic replica was prepared. This was 
then coated with carbon by sputtering. The plastic base was 
then dissolved in acetone. The carbon replica was next re­
peatedly washed and dried for examination in a Phillips CM3 
transmission electron microscope. Examination was carried 
out at 100 kV.



CHAPTER - FOUR

RESULTS, DISCUSSION 
AND CONCLUSIONS
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4.0 INTRODUCTION

Results and discussion of various investigations 
carried out are presented here in four sections namely, a) 
smelting of ilmenite in the plasma reactor, b) Tic rein­
forced cast iron composites, c) TiC reinforced steel compos- 
ites, and d) wear testing of composites. Relevant conclu­
sions drawn are presented at the end of each section.

4.1 SMELTING OF ILMENITE IN THE PLASMA REACTOR

In this section the results on smelting of ilme­
nite are described followed by a discussion and conclusions.

4.1.1 Results

The effect of basicity on the titanium content of 
alloys is shown in Table 4.1.1. The titanium content in­
creased from 0.72 to 3.05 wt pet as the slag basicity [(CaO 
+ Mg0)/(Si02 + A1203)] increased from 0.61 to 1.76. The XRD 
data (Table 4.1.2) for the alloy A3 shows the presence of 
Fe3C, FeTi and TiO phases while in the alloy A5 the phases 
identified are Fe^C, a-Fe and Tic.

The effects of excess carbon over the stoichiomet­
ric requirement for reduction of ilmenite, addition of flux 
(Cao/CaF2 = 60/40) by weight percent of ilmenite in the 
charge and hydrogen content in argon—hydrogen plasmagen gas
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Table 4.1.1 
Effect of basicity on titanium content of alloy

Alloy Basicity Alloy composition Wt Pet
No. Ti Fe si C

Al 0. 61 0.72 93.89 1. 11 3 . 31
A2 0.99 1.83 92.84 1.27 3 . 09 v
A3 1. 19 1.77 92.98 1. 18 3 . 14
A4 1. 38 2 . 52 93.03 1. 10 2 . 37
A5 1.76 3.05 91.30 0.14 4 . 57
Trace element analysis of alloys by SEM-EDAX (Wt Pet)
Mn 0.28 
P 0.002 
and Zr

to 0.46, Al 
to 0.007, Ca 
0.12 to 0.15

0.13 to 0. 
0.033 to 0

35,
. 066,

S 0.038 to 0 
Mg 0.000 to

. 047 
0. 034
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Table 4.1.2 

XRD analysis of alloys

Alloy Phases Intensity (hkl) planes
No. identified

A3 Fe3C S (031), (102), (241), (200), (321)
FeTi w (110), (200)
Tio w hkl plane data not available

A5 Fe3C s (031), (220), (102), (210), (002)
a- Fe s (110)
TiC w (200), (111)

A9 TiC s (200), (HI) , (220)

Fe3C M (031), (211)
All TiC S (200), (220)

ce-Fe M (110), (200)
Fe3C M (031), (121), (200), (132)

A16 Fe3C S (031), (211), (201), (121)
TiC M (200), (HI) , (220)

Tl2°5 M (110), (134)
A21 TiC S (200), (HI) , (220)

a-Fe M (110), (200)
A2 3 TiC S (200), (HI) , (220)

a-Fe M (110), (200)

Relative intensity
S = 80 to 100 pet, M = 40 to 79 pet, W = 10 - 39 pet



mixture on the metallisation of titanium are summarised in 
Table - 4.1.3. -̂ :-.̂ Pct degree of metallisation of Ti = (Wt 
Pet Ti in alloy) x (Wt of alloy) / (Wt of Ti in the charge)'"

It may be seen from the Table that there is an 
improvement in the recovery of titanium in general as the 
reductant is increased from stoichiometric composition to 50 
wt pet excess carbon. The metallisation of titanium in­
creases as the flux content in the charge increases from 2 
wt pet (alloys A6 and A7) to 4 wt pet (alloys A8 and A9). 
The effect of variation in hydrogen content of plasmagen gas 
mixture can be seen on the basis of the values of the degree 
of metallisation of Ti in alloys A8 and A9 as compared to 
those in alloys A10 and All. There is some decrease in 
metallisation of titanium as the hydrogen content in the 
plasmagen gas is increased from 20 to 40 volume percent. 
Froirydata presented in Table^ it is seen that a maximum of 
nearly 80 pet titanium metallisation is obtained in alloy 
A9. It was, however, not possible to tap any of these alloys 
even after smelting the charge completely. The chemical 
composition of alloys prepared as per the experimental 
conditions mentioned in Table 4.1.3 are shown in Table
4.1.4. The titanium content of alloys varies from 13.47 to 
30.79 wt pet. It may be noted from the results reported in 
Table 4.1.4 that the carbon content of alloys prepared with 
stoichiometric carbon requirement for reduction of ilmenite 
( alloys A6 j- A8 and A10 ) varies between 6.13 to 6.60 wt pet 
whereas that for alloys prepared with 50 wt pet excess
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Table 4.1.3
Effect of excess carbon, flux and hydrogen on the 

metallisation of titanium

Alloy Experimental parameters Melt Pet degree of
No. temp- metallisation

Excess Wt Pet Vol. Pet erature
carbon flux H2 in 

gas mix­
ture

°C Ti Fe

A6 0 2 20 1660 16.29 30.95
A7 50 2 20 1730 37.20 55.28
A8 0 4 20 1640 23.61 55.21

A9 50 4 20 1770 79.90 60 . 64
A10 0 4 40 1580 17.59 39 . 67
All 50 4 40 1760 65. 12 79. 18
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Table 4.1.4
Chemical composition of alloys indicated in Table 4.1.3

Alloy Wt pet
No. Ti Fe Si C

A6 15.82 75.37 1.42 6. 60
A7 19.32 71.26 0.37 8.24
A8 13.47 78 . 42 1. 04 6.24
A9 30.79 58 . 27 0. 14 9.95
A10 13.97 78. 55 0.42 6. 13
All 22.45 68.07 0.29 8.32
Trace element analysis of alloys by SEM-EDAX (Wt Pet)
Mn 0.28 to 0.46, Al 0.13 to 0.35, S 0.038 to 0.047 
P 0.002 to 0.007, Ca 0.033 to 0.066, Mg 0.000 to 0.034 
and Zr 0.12 to 0.15.
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carbon (alloys A7, A9 and All) varies from 8.24 to 9.95 wt 
pet. Trace element analysis of these alloys was carried out 
by energy dispersive X-ray analysis (EDAX) attached to a 
scanning electron microscope. Some results are presented in 
Table 4.1.4. After analysing all the alloys over a number of 
spots the lowest and the highest amounts of individual trace 
elements are reported as a range. Both TiC and Fe3C phases 
are present in alloys A9 and All (Table 4.1.2). Alloy All 
contains a-Fe phase.

The data presented in Table 4.1.5 show the effect 
of excess carbon on titanium content of alloys obtained from 
experiments carried out in magnesia coated graphite cruci­
bles. There is an improvement in the titanium content of 
alloys as the quantity of carbon is increased to levels 
which are 100 to 200 wt pet in excess of the stoichiometric 
requirements. The titanium content of alloys increases from 
0.83 to 3.27 wt pet (alloys A12 , A14). It is evident from 
the data presented in the Table that the carbon content of 
alloys are in the cast iron composition range. This clearly 
indicates that, it is possible to prepare titanium rich cast 
irons by plasma smelting of ilmenite.

The data presented in Table 4.1.6 indicate the 
effect of addition of iron ore or steel scrap to the charge 
mix on the ti*tanium content of alloys. It is seen that the 
degree of metallisation of titanium increases with the 
addition of more steel scrap. A metallisation value as high 
as 47.32 pet has been obtained in the case of alloy A19.
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Table 4.1.5
Effect of excess carbon on titanium content of alloys 

produced in magnesia coated graphite crucible

Alloy
No.

Wt pet 
excess 
carbon

Alloy

Ti

composition Wt pet 

Fe Si C

Degree of 
metallisa­
tion of Ti 
(pet)

A12 100 0.83 94 .26 0.76 3 . 24 0. 50
A13 200 2 . 74 92 . 67 0.87 2 .79 12 . 69
A14 200 3 .27 91.51 0.82 3 .48 12 .23
Trace element analysis of alloys by SEM-EDAX (Wt Pet)
Mn 0.32 to 0.49, Al 0.23 to 0.42, S 0.037 to 0.061 
P 0.001 to 0.003, Ca 0.016 to 0.043, Mg 0.087 to 0.109 
and Zr 0.12 to 0.17
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Comparing the data for alloys A15 and A16 it is again seen 
that there is considerable improvement in the degree of 
metallisation as the percentage of excess carbon is in- 
creased from 100 to 200 wt pet. Table 4.1.7 presents some 
data obtained during preparation of titanium carbide rich 
Fe-TiC master alloys. The data show the effect of increase 
in the weight of charge mix on the degree of metallisation 
of titanium. There is some improvement in metallisation as 
the weight of ilmenite is doubled. For example, in the case 
of alloy A21 the degree of metallisation of titanium is 62 
pet, whereas it is 73 pet in the alloy A22 where the weight 
of ilmenite is double the amount used in the preparation of 
alloy A21. The titanium content of the alloy, however, does 
not change significantly as it varies only in the range 
20.32 to 23.97 wt pet. Addition of MgO as a flux improved 
the degree of metallisation of titanium in alloy A23 com­
pared to that of alloy A22 which was prepared without any 
flux. The degree of metallisation of titanium with and 
without flux are 81.31 pet (alloy A23) and 73.19 pet (alloy 
A22), respectively.



E
ff

ec
t 

of 
ch

an
ge

 
in 

ch
ar

ge
 

w
ei

gh
t 

on 
re

co
ve

ry
 

of 
ti

ta
ni

um

93

<4-Ho co

I !
o3

o <l>

00oa- oa ^  
°  >  o  £  
>% o

oPh

U

ro3̂- co
c i/> O o o

d)Uh

H

oa,aooo
00o3-CCJ

e5O rp
X

W S O o ex
<L>

00

>->o
:=: o < Z

t— CN oo
i— VO CN
o \6 o
oo r - oo

Ono >—< rO
cs co ,—1VO C"- oo

co o VOCO CN
oo oo Os

coo
<N co o
ON Tt ©
On MD ovo VO VO •

4-»o

oo
©

CN r- r - Oh (%CO ON r- -i-i
o CO >CN CN CN *>

<
Q

VOo
©
o

W<
2
W

4->
r-COo

00 o
oCN

O o
Tf >> cn

CN CN -O
C/5>>js

<4-1

csrf
o
o4-J

O o O o toO o O w CN
’ V5
13
§

O
<i

oC
o o o w rf
o o o c o04 "'t tT d

s o4—‘D CN13 CO
* <D ©

___ CN co O03UiCN CN CN c
s< < < H

o
o

o
t-rN
§

o
o+->
r-
oo
o
ooo
2

o
©
o

o
oc3

<DT3
c3

fe

c4)0003<D
o3O
sVrC
u
ooo
200o
CNT30>c
coo
<D00s-cjx:o
<D
H



M

The results of carbothermic reduction of ilmenite 
carried out in an extended arc plasma reactor have been 
presented in the preceding section. The experimental data 
summarised describe the effects of various parameters like 
slag basicity, amount of reductant, flux and hydrogen con­
tent in argon hydrogen plasmagen gas mixture on titanium 
content of alloys produced and the degree of metallisation 
of titanium. It should be noted that experiments have been 
carried out in both coated and uncoated graphite crucibles. 
Before discussing those experimental results some thermody­
namic calculations are presented for a theoretical under­
standing of the reactions.

Thermodynamic analysis

Carbothermic reduction at high temperature gener­
ally involves reaction of metal oxides with carbon to pro­
duce carbon monoxide gas, intermediate oxides, metal car­
bides and metals. The basic reactions are as follows.

MO(s) + 2 C(s) = MC(s) + CO (g).....(4.1)
MO (s) + C (s) = M (s) + CO (g).....(4.2)
MO (s) + MC(s) = 2M(s) + CO (g).....(4.3)

The minimum temperature for operation of the reactor can be 
determined from the free energy of formation, which is a 
measure of the tendency for a reaction to occur. In the case

4.1.2 Discussion
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of carbothermic reduction of ilmenite, the standard free 
energy change for various reactions have been computed and 
the temperature at which A G°T becomes zero has been calcu­
lated. Further values of ^G°2ooo at 2000 K have also been 
calculated. The thermodynamic data used are from the litera­
ture [Metallurgical thermochemistry by 0. Kubaschewski and 
E. LL. Evans, Pergamon press Oxford, 1965] [9]. The data 
presented are in calories and the conversion to kJ is ob­
tained by multiplying calories by 4.186 x 10-3.

>

The values of the standard free energy change for 
formation of titanium suboxides are as follows:

TiO(s) = Ti(s) + 1/2 02(g) .... (4.4)
A G°t = 122,300 - 21.3 T Cal, 600 - 2000 K
Ti203(s) = 2 Ti0(s) + 1/2 02(g) .... (4.5)
^G°t = 114,500 - 19.05 T Cal, 298 - 2000 K
2Ti305(s) = 3Ti203(s) + l/202(g) .... (4-6)
A g°t = 88,500 - 19.7 T Cal, 700 - 2000 K
3Ti02(s) = Ti305(s) + 1/2 02(g) .... (4-7)
A g°t = 73,000 - 23.0 T Cal, 298 - 2123 K

By utilising these data the standard free energy 
change for formation of Ti02 can be calculated.
The reaction is

Ti02 (s) = Ti(s) + 02(g) .... (4-8)
Combining Eq.[4.4 - 4.7] one obtains;
A g°t = 218,458.31 - 41.775 T Cal.
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The standard free energy change for formation of carbides is 
obtained thus;
Ti02(s) + 3C(s) = TiC(s) + 2C0(g) .... (4.9)
AG°t = 120,458.3 - 81.515 T Cal
Hence, A G°T = 0  at T = 1496 K

A G °2000 = " 42-57 k Cal

The standard free energy change for formation of titanium 
carbide becomes zero at 1496 K which is an equilibrium 
temperature for the reaction. Thus the formation of TiC is 
feasible over 1496 K only. At 2000 K there is appreciable 
driving force.

The standard free energy change values for reduc­
tion of titanium oxides to metallic titanium are obtained as 
follows:

Ti02(s) + 2C(s) = Ti (s) + 2C0(g) .... (4.10)
AG°t = 165,058.73 - 83.675 T Cal 
Hence, AG°,p = 0 at T = 1973 K

^  G° 2  0 0 0  =  ~  2 - 2 9  k  C a l  

Ti305(s) + 5C(s) = 3Ti(s) + 5C0(g) .... (4.11)
A G°rp = 448,875 - 207.075 T Cal
Hence, AG°t = 0  at T = 2168 K

A G °2000 = 34-72 k Cal 
Ti203(s) + 3C(s) = 2 Ti(s) + 3C0(g) .... (4.12)
AG°t = 278,650 - 124.5 T Cal
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Hence, A G°T = 0  at T = 2238 K 

A G °2000 ^ 29.65 k Cal
TiO(s) + C(s) = Ti(s) + CO(g) .... (4.13)
AG°t = 95,600 - 42.25 T Cal 

Hence, A g°t = 0 at T = 2263 K
A G ° 2 0 0 0  "  1 1 * 1 k  C a l

Eg. [4.10] indicates that the standard free energy 
change for reduction of titanium dioxide to metallic titani­
um requires temperatures above 1973 K. The titanium subox­
ides can be reduced to metallic titanium (Eq.[4.11] to 
Eq.[4.13]) above a temperature of 2263 K. Further, it may be 
seen from Eq.[4.4] to Eq.[4.7] that the thermal decomposi­
tion of titanium oxides takes place only well above 4000 K, 
a temperature which is rarely encountered in any metallurgi­
cal reactor. Even at temperatures where the thermodynamic 
feasibility for reduction of titanium dioxide to metallic 
titanium is favourable, the free energy change for carbide 
formation Eq.[4.9], becomes more negative.

Thus,AG°2000 - - 2.29 k Cal for Eq.[4.10] compared 

to A g °2000 = “42*57 k Cal for E(3*t4*9]' indicates that 
the formation of titanium carbide is favoured over metallic 
titanium when Ti02 is reduced by carbon.

The standard free energy change for carbide-oxide 

reaction is as follows:
Ti02(s) + 2TiC(s) = 3Ti(s) + 2C0(g) .... (4.14)
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A G°t = 254,258.3 - 89.995 T Cal 

Hence, A G°T = 0  at T = 2825 K

The titanium carbide-oxide reaction is feasible 
above 2825 K which is more than the temperature required for 

titanium carbide formation as well as that for reduction of 

titanium oxides to metallic titanium. One may examine the 

question, if it is possible to lower the carbon content of 

iron-TiC composite and control the titanium carbide content, 

using the reaction between titanium carbide and iron oxide. 

The thermodynamic data for this reaction are as follows:

3 TiC(s) + Fe203 (s) = 2Fe(s) + 3Ti(s) + 3CO(g) .... (4.15) 

AG°t = 234,560 - 125.13 T Cal 

Hence, A G°t = 0  at T = 1874.5 K

A g °2000 = " 15*7 k Cal
2 TiC(s) + Fe203 (s) + C(s) = 2 FeTi(s) + 3CO(g) ....(4.16)

a G°t = 189,960 - 121.96 T Cal

Hence, A G ° T = 0 at T = 1558 K

A G °2000 = " 53-96 k Cal 
TiC(s) + Fe203 (s) = 2Fe(s) + Ti02 (s) + C0(g) ....  (4.17)

A G°t = -19,698.33 - 35.135 T Cal

Hence, A g°t = 0  at well,below room temperature

A  G ° 2 0 0 0  =  “  8 9 * 9 7  k  C a l

Thus, it may be seen from reactions represented by Eq.[4.15] 

to E q .[4.17] that it is not possible to convert titanium 

carbide to metallic titanium through reactions with iron
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oxide as the free energy change for the formation of titani— 

um dioxide is much more negative. For example at 2000 K, 

free energy change for the formation of titanium dioxide is

- 89.97 k Cal (Eq.[4.17]) while for reactions expressed by 

Eq.[4.15] and Eq.[4.16] it is -15.7 and -53.96 k Cal respec­

tively. This indicates that formation of titanium dioxide is 

thermodynamically feasible.

The preceding discussion leads to the conclusion 

that carbothermic reduction of ilmenite results in the 

formation of titanium carbide. The titanium carbide content 

in the composite cannot be controlled by carrying out oxide- 

carbide reactions. The carbon content of Fe-Ti-C alloys, 

however, can be controlled by the addition of silicon [93]. 

The addition of 20 to 25 wt pet silicon in the alloy brings 

down carbon content to about 1 wt pet through formation of 

titanium silicide.

The other possible methods for reducing carbon 

content would include dilution of the carbothermic reduction 

product by addition of steel scraps and reduction of ilme­

nite along with iron ore.

Some thermodynamic calculations based on ilmenite 

reduction are given in Appendix-I and the trends of results 

are same as just discussed. The conclusions therefore, are 

similar.
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Effect of basicity on reduction of ilmenite

The experiments to study the effect of slag 
basicity on the titanium content of alloys show that as the 

basicity [(CaO + Mg0)/(Si02 + A1203)] increases the titanium 

content of the alloy also increases (Table 4.1.1). The 

reduction of titanium dioxide proceeds in stages and lower 

oxides of titanium are formed first [93]. Two stable subox­

ides of titanium are Ti20 3 and TiO. These are basic in 

nature while titanium dioxide is amphoteric. Therefore, at 

lower basicity values there is a tendency for the lower 

oxides to form compounds with silica and alumina thus reduc­

ing the activity of titanium oxides in the bath. By increas­

ing the basicity with the addition of a strong base such as 

CaO it is possible to replace titanium oxide in the compound 

by CaO and in turn increase the activity of titanium oxides. 

In the present investigation on smelting of ilmenite in the 

plasma reactor, it is found that alloy A3 prepared with a 

slag basicity of 1.19 shows presence of TiO phase (Table 

4.1.2) . This result corroborates the fact that reduction of 
titanium dioxide proceeds in stages forming lower oxides at 

first. Results of thermodynamic calculations on the forma­

tion of lower oxides of titanium through reduction of 

titanium dioxide by carbon are as follows.

3 Ti02 (s) + C (s) = Ti30 5 (s) + CO(g) ....  (4.18)

AG°T = 46, 300 - 43.95 T Cal

r ■> : ' ■ :
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Hence, A G°T 0 at T = 1053 K
A G° 2 0 0 0 41.6 k Cal

2Ti305 (s) + C(s) - 3Ti203 (s) + CO (g) 

AG°t = 61,800 - 40.65 T Cal 

Hence, a g °t ~ 0 at T = 2185 K

(4.19)

Ti203 (s) + C(s) = 2TiO(s) + CO(g) 

Ag°t = 87,400 - 40 T Cal 

Hence, A G°T = 0 at T = 2185 K

(4.20)

From these calculations it is seen that free energy change 

for formation of titanium suboxide (Eq.[4.18]) which is 

-41.6 k Cal at 2000 K, is very close to that for titanium 

carbide formation (Eq.[4.19]) which is - 42.57 k Cal at 2000 

K. This indicates that titanium suboxides can form a mixture 

containing titanium carbide. Further, the formation of a 

lower suboxide like TiO requires higher bath temperature and 

such temperatures are available below the plasma arc im­

pingement zone.

basicity 1.76 (alloy A5) indicates absence of titanium 

suboxide phases (Table 4.1.2). This indicates the formation 

of compounds with silica and/or alumina by calcia replacing

The XRD of alloy prepared under a slag cover of

titanium suboxides. Thus the activity of titanium oxide is 

improved.
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It should be noted that there is an increase in 
titanium content of alloy from 0.72 wt pet Ti at 0.61 basic­

ity to 3.05 wt pet Ti at 1.76 basicity. This can be ex­

plained on the basis of increase in activity of titanium 

oxide due to increase in slag basicity. In this respect, the 

process of carbothermic reduction of ilmenite is analogous 
to alumino-thermic reduction of ilmenite where addition of 
20 pet CaO by weight of aluminium improves the recovery of 
titanium in the alloy.

Effect of excess carbon and flux in the charge mix and 
hydrogen in plasmagen gas mixture on metallisation of 
titanium

The effects of excess carbon (over the stoichio­

metric requirement), addition of flux (CaO : CaF2 = 60/40) 

in the charge mix and hydrogen content in argon-hydrogen 

plasmagen gas mixture on the degree of metallisation of 

titanium are summarised by the data presented in Table 

4.1.3. It is readily seen that the degree of metallisation 

of titanium increases two to three folds when the amount of 

reductant in the charge mix is increased by 50 wt pet. The 

thermodynamic analysis presented in the preceding section 

has shown that while titanium carbide forms at about 1500 K, 

the formation of metallic titanium requires temperatures 

over 199 3 K. Further, it has also been shown that the exper­

imental conditions are more favourable for the formation of
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titanium carbide than for the formation of metallic titani­

um. The XRD data of alloys A9 and All (Table 4.1.2) indicate 

the presence of TiC. Thus the presence of excess carbon in 

the charge mix facilitates the formation of titanium car­

bide. Dissolution of Tie in metallic iron drives the reac­

tion [Eq.4.9] in the forward direction. The results are from 
a set of experiments where 220 g of steel scrap were mixed 
with reduction charge.

Addition of more flux to the charge mix improves 

the degree of metallisation of titanium. For example, the 

extent of metallisation increased from 16.29 pet to 23.61 

pet on increasing the quantity of flux addition to the 

charge mix from 2 wt pet (alloy A6) to 4 wt pet (alloy A8) . 

Stoichiometric amount of reductant was used in both the 

cases. A similar trend was observed when the alloys were 

prepared with 50 wt pet excess carbon. It has been shown 

earlier that increasing slag basicity improves the titanium 

recovery in alloys by enhancing the activity of titanium 

oxides. In this case also it is expected to follow the same 

trend as the flux is strongly basic.

Experiments on the effect of variation in hydro­

gen content of plasmagen gas mixture show a minor change in 

the degree of metallisation of titanium. The metallisation 

Of titanium decreased from 23.61 pet (alloy A8 ) to 17.59 pet 
(alloy A10) as hydrogen content increased from 20 to 40 vol. 

pet. Similar trend is noticeable in the results obtained
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with 50 wt pet excess carbon when hydrogen content in the 

plasmagen gas mixture is increased. The minor role of hydro­

gen in reduction of titanium dioxide is readily understood 

if one examines the thermodynamic data for the hydrogen 
reduction reaction.

Ti02 (s) + 2 H2 (g) = Ti (s) + 2H20(g) ....  (4.21)

A g ° t  - 119,250 - 224.5 T Cal 

Hence, A G°T = 0  at T = 5315 K

The reaction is feasible only above 5315 K, a 

temperature rarely attained in a metallurgical reactor. 

Therefore, one may conclude that hydrogen does not have a 

significant role in the reduction of titanium oxide.

Addition of hydrogen to a plasmagen gas (in this 

case argon) aims at increasing the enthalpy content of 

plasma. Fig. 4.1.1 shows the variation of enthalpy content 

of gases as a function of temperature [94]. It is seen that 

the heat content of diatomic gases like hydrogen and nitro­

gen are more compared to that of monoatomic gases like argon 

and helium. In the case of diatomic gases like hydrogen, 

dissociation of hydrogen molecule has to take place first. 

The dissociation energy of hydrogen molecule is 4.48 eV. 

[95] . The ionization energy of hydrogen atom is comparable 

to that of argon atom (15.7 eV) . Thus, with the addition of 

hydrogen to argon gas the enthalpy content of the gas in­

creases .
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T E M P E R A T U R E  (d e g re e s  Ronkine)
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It may be noted from the data given in Table 4 .1.3 

that the bath temperature practically remains the same. It 

should be noted that the temperature of the bath is not a 
measure of the enthalpy content of plasma gas. Hydrogen 
increases the enthalpy of plasma gas but does not have much 

role in the reduction of titanium dioxide. It is, however, 

not clear why there is some decrease in the degree of metal­

lisation of titanium in general when there is hydrogen.

One of the important aspects that needs clarifica­

tion is the relative importance of the variation in the 

reductant used. All these experiments were carried out in 

uncoated graphite crucibles. It is expected that carbon from 

graphite crucible also participated in the chemical reaction 

(Eq.[4.9]). It has been already explained that reduction of 

ilmenite leads to the formation of Tic in ferrous matrix 

when carbon is used as a reductant. This has been confirmed 
by XRD analysis of a few samples (Table 4.1.2). Also from 

the data in Table 4.1.4, it may be noted that alloys pre­

pared with stoichiometric carbon (alloys A 6 , A8 and A10) 

show a variation of carbon content in the range of 6.13 to 

6.60 wt pet. On the otherhand, alloys prepared with 50 wt 

pet excess carbon (alloys A7, A9 and All) show a variation 

of carbon content from 8.24 to 9.95 wt pet. This clearly 

indicates that even in case of the uncoated graphite cruci­

ble, the amount of excess carbon present in the initial 

charge has an influence on carbon pickup in the alloy. In 

general, there is an improvement in recovery of titanium as
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the carbon content in the alloy increases. This clearly 

indicates that presence of excess carbon in the initial 

charge mix improves the reduction of Ti02 and formation of 

TiC. The contribution of'carbon from the crucible as a 
reductant becomes clearer when results of plasma smelting of 

ilmenite in a magnesia coated crucible are considered.

The high carbon alloys could not be tapped. This 

may be due to the presence of discrete TiC particles sus­

pended in the melt making it very viscous.

Effect of excess carbon on reduction of ilmenite in a magne­

sia coated graphite crucible

It may be noted from the data presented in Table 

4.1.5 that the overall recovery of titanium as well as the 

titanium content in the alloys are considerably lower in 
spite of having 2 0 0 wt pet excess carbon in the initial 

charge mix. The application of magnesia coating in graphite 

crucible eliminates reaction of the crucible wall and, ac­

cordingly, the recovery values are low. Thus, it is apparent 

that the contribution of the carbon from graphite crucible 

is very significant (see Table*4.1.4 and Table 4.1.5). It is 
likely that a significant amount of carbon is lost through 

reaction with the oxygen in the ambient atmosphere. The arc 

crater area does not cover the total surface area of the 

charge in the crucible. Thus, there is a possibility of 

oxygen circulation in the atmosphere above the bath which
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presumably leads to loss of carbon from the charge mix 
through aerial oxidation.

coated graphite crucible shows a variation in the range of 

2.79 to 3.48 wt pet which is similar to that of cast irons. 

Thus, these experiments indicated a possibility of preparing 

titanium rich cast irons directly by smelting of ilmenite. 

In this case the titanium content of alloys has to be kept 

low so as to obtain a clear slag/metal separation and flowa- 

bility. However, when a titanium carbide rich Fe-TiC master 

alloy is required then it is preferable to carry out smelt­

ing of ilmenite in an uncoated graphite crucible. The impor­

tance of such high carbon , high titanium alloys in prepara­

tion of titanium carbide reinforced steel composites is 

explained in the subsequent Chapters.

Preparation of titanium carbide reinforced cast irons

with different titanium contents by smelting of ilmeni 

the plasma reactor using magnesia coated graphite crucible. 

In order to produce such cast irons, iron ore (blue dust,

97.6 wt pet Fe203) or steel scrap was added to the initial 

charge mix. The titanium content of alloys were controlled 

by varying the amounts of excess carbon, blue dust and steel 

scrap addition.

The carbon content of alloys prepared in magnesia

An attempt was made next to prepare cast
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It is obvious from the data presented in Table 

4 .1-6 that enhanced dilution with iron ore/steel scrap 

reduces the titanium content of the alloy. Howsvet, recovery 

of titanium increased from 6 to 47 pet as the addition of 

steel scrap varied from 120 g to 1000 g. This indicates that 

the presence of iron in the initial charge mix promotes 

titanium recovery by dissolving titanium carbide as soon as 

it is formed during smelting of ilmenite. The titanium 

content of alloys varied from 0.3 to 9 wt pet in these 

alloys. The carbon content of alloys varied within cast iron 

range and they could be cast into metal and sand moulds.

Effect of change in weight of initial charge mix on recovery 
of titanium

To prepare titanium carbide rich Fe-TiC master 

alloys for subsequent development of steel base titanium 

carbide composite, experiments were carried out to improve 

the recovery of titanium in alloys by changing the initial 

weight of the charge mix. Table 4.1.7 presents some data 

which shows that by doubling the ilmenite content in the 

charge mix it was possible to improve recovery from 62 pet 

(alloy A21) to 73 pet (alloy A22). Addition of flux to the 

charge further improved the degree of metallisation of 

titanium to 81 pet (alloy=A23). The titanium content of 

these alloys did not vary significantly and was in the range 

of 20.32 to 24.77 Wt pet.
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Production of ferro-titanium by carbothermic reduction of 
ilmenite in a plasma reactor

The present investigations on reduction of ilme- 

nite by carbon in an extended arc plasma reactor does not 

seek to produce ferro-titanium. However, the experimental 

data bring out the limitations in preparation of ferro- 

titanium by carbothermic reduction of ilmenite in a plasma 
reactor.

The requirement of low carbon ferro-titanium used 

in the manufacture of stainless steel and other low carbon 

alloy steels is presently met by aluminothermic reduction of 

ilmenite. The carbothermic reduction of ilmenite results in 

the formation of high titanium, high carbon nonflowable 
alloy. To make this alloy flowable, carbon content of the 

alloy has to be lowered. In theory this is possible through 

oxide-carbide reaction (Eq.[4.14]). The thermodynamic calcu­

lations show that the reaction is feasible at 2825 K. In a 

plasma reactor one can achieve such temperatures. As a 

matter of fact, the microstructure of quenched reaction 

product of ilmenite smelting (Fig. 4.1.2) does show dendrit­

ic network of Tie, indicating that melting point of TiC 

(3250°C) is attained at least below the plasma arc root. 

However, it is difficult to increase the overall bath tem­

perature sufficiently (>2825 K) while preparing the ferro­

alloy without considerable iron loss, as the vapour pressure 

of iron is one atmosphere at 3008 K [96]. Thermodynamic



Fig.4.1.2 SEM photograph of Tic rich Fe-TiC 
master alloy A21 showing dendritic 
TiC.
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calculations for carrying out iron oxide/TiC reaction 
(according to Eq.[4.l5] to Eq.[4.17]) show that free energy 

change for formation for Ti02 is much more negative than
y

that for the formation of metallic titanium.

Thus, it may be concluded that, it is not possible 

to carry out carbothermic reduction of ilmenite to produce
low carbon ferro-titanium.

4.1.3 conclusions

The following conclusions can be drawn based on 

the preceding results and discussions;

a) It is possible to prepare titanium carbide rich Fe-TiC 
master alloys and titanium containing cast irons by 
carbothermic reduction of ilmenite in a plasma reactor.

b) High titanium containing alloys can be prepared by 

carrying out smelting in uncoated graphite crucibles 

where carbon supply is abundant.

c) Addition of lime to the charge mix and corresponding 

increase in the basicity improves the degree of metal­

lisation of titanium.

d) Carbon content in the master alloy increases simultane­

ously with the increase in titanium recovery.

e) Addition of iron ore or steel scrap to initial charge 

mix improves degree of metallisation of titanium.
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Carbon pick up in the alloy can be controlled by carry­
ing out the smelting in a magnesia or zircon coated 

graphite crucible which eliminates carbon pick up from 

the crucible wall.

Cast iron melts containing 10 wt pet Ti or less possess 

adequate fluidity to permit casting in sand or chill 

mould.
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4.2 TiC REINFORCED CAST IRON COMPOSITES

In this section the results on TiC reinforced cast 

iron composites are presented. The results are then analysed 
and relevant conclusions are drawn.

4.2.1 Results

Titanium carbide reinforced cast iron composites 

were produced in a single stage by smelting in a plasma 

reactor ilmenite ore with large quantity of steel scrap. 

Smelting was carried out in either magnesia and zircon 

coated graphite crucibles. Molten metal from the reactor was 

tapped to fill a metal or sand mould directly. Cast iron 

composites of 15 mm square x 160 mm long chill cast rods or 

10 mm diameter x 250 mm long sand cast rods were prepared.

The molten metal lacked fluidity when smelting of 

ilmenite ore was carried out without sufficient quantity of 

steel scrap in the plasma reactor. In such cases, the molten 
metal was allowed to freeze in the reactor hearth itself. 

This happened particularly when titanium content and, conse­

quently, titanium carbide content was high. Various investi­

gations have been carried out to characterise the cast iron 

composites and they are as follows:

a) Chemical analysis
k) Microstructural features of as cast and heat treated 

composites



c) SEM and EDAX analysis

d) X-ray diffraction analysis

e) Image analysis to determine the carbide particle size 

distribution and graphite volume percent in composites

The details of the characterisation studies are 
given below. The microstructural aspects and SEM-EDAX analy­

sis of TiC rich Fe-TiC master alloys are also presented. The 

details of chemical analysis and x-ray diffraction studies 

on TiC rich Fe-TiC master alloys have been presented in the 

previous section(4.1 .1 ).

Chemical analysis

The chemical analysis of TiC reinforced cast iron 

composites prepared in magnesia coated graphite crucible is 

presented in Table 4.2.1. The Table shows that it has been 

possible to prepare TiC reinforced cast iron composites with 

1.48 to 4.17 wt pet Ti. The silicon content of the compos­
ites which varies between 0.35 to 0.63 wt pet is quite low 

compared to that in the usual grades of gray cast irons. The 

other important feature of these composites is the presence 

of magnesium from 0.067 to 0.109 wt pet.

The chemical analysis of TiC reinforced cast iron 

composites produced in zircon coated graphite crucible is 

presented in Table 4.2.2. It may be seen from the Table that 

composites containing 2.86 to 10.86 wt pet Ti have been 

prepared. Here, again silicon content of composites varies 

between 0.20 to 0.23 pet only. The zirconium content of the

115
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Table 4.2.1

Chemical analysis of TiC reinforced cast iron composites 

(Prepared in magnesia coated graphite crucible)

Composite Wt Pet

No * Ti Fe Si C

B1 1.48 94.42 0.37 2.78

B2 1.84 91.67 0.61 4.90

B3 1. 98 93.25 0.35 3.52

B4 2 . 27 92.74 0.36 3.65

B5 3.11 92.41 0.39 3 . 12

B6 3 . 61 91.34 0. 63 3.43

B7 4 . 17 90.59 0.46 3 .86

Trace element analysis of composites by SEM-EDAX (Wt pet)

Mn 0.3 2 
P 0.001 
and Zr

to 0.49, 
to 0.003, 

0.12 to 0.17

Al 0. 
Ca 0.

23 to 0.42, 
016 to 0.043,

S 0.037 
Mg 0.067

to 0.061 
to 0.109
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Table 4.2.2

Chemical analysis of TiC reinforced cast iron composites 

(Prepared in zircon coated graphite crucible)

Composite Wt Pet

No. Ti Fe Si C

B8 2.86 92.31 0.22 3.49

B9 3.49 91.38 0.23 3.80

BIO 5.62 88.25 0.20 4.78
Bll 6.80 88.26 0.21 2.60

B12 10.86 82.08 0.22 5.72

Trace element analysis of composites by SEM-EDAX (wt pet)

Ca 0.030 to 0.088, Mg 0.00 to 0.002, Al 0.20 to 1.98,
S 0.007 to 0.038, P 0.001 to 0.028, Mn 0.692 to 1.317 
and Zr 0.178 to 0.521



composites varies between 0.178 to 0.521 wt pet while magne- 
sium content was low.

Microstructural features of as oast and heat treated 
composite specimens.

The microstructural details of the as cast as well as 

heat treated TiC reinforced cast iron composites have been 
presented in Table 4.2.3.

Salient features in the microstructures of cast composites

It may be seen from the Table 4.2.3 that the chill 

cast composites prepared in magnesia coated graphite cruci­

bles show a typical white cast iron structure with dendritic 

transformed austenite (pearlite) and eutectic carbide. Tiny 

TiC particles are seen in both transformed austenite and 

eutectic carbide, for example, in composites B1 and B5 (Fig.
4.2.1 and Fig. 4.2.3, respectively). As the Ti content in 

the composite increases (3.61 wt pet Ti), the chill cast 

composite B 6 shows both TiC dendrites and discrete parti­

cles. On the contrary the sand cast composite B4 shows 

presence of graphite in transformed austenite (pearlite) 

(Fig. 4.2.2(a to d)) in spite of the low silicon content in 

the alloy. TiC particles are distributed throughout the 

matrix even in the sand cast samples. TiC dendrites are 

prominently visible only in the relatively high titanium 

composites irrespective of the type of crucible coating 

used.

Ilf!
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Micr©structural details of TiC reinforced 
cast iron composites.

Table 4.2.3

Composite History of Microstructural details
No. the specimen
(1) (2) (3)

Composites prepared in Mgo coated crucibles
SI Chill cast Dendrites of transformed

austenite (pearlite) and 
continuous mass of eutectic 
carbide. Micro hardness of 
pearlite varied between 468 to 
503 VPN (Fig. 4.2.1) .

Soaked at Uniformly distributed titanium
950°C for 4h carbide and compacted graph 
and normalised ite particles. Ferrite - 

pearlite matrix. Pearlitic 
carbide is fully granular.

Dendrites of transformed 
austenite (pearlite) and 
continuous mass of eutectic 
carbide.

Graphite rosettes in pearlite 
matrix. TiC particles are 
distributed in the matrix.
Both coarse and fine TiC 
particles are seen.

Dendrites of transformed 
austenite (pearlite) and con­
tinuous mass of eutectic 
carbide.

Matrix is pearlitic. Various 
types of graphite particles 
such as rosettes, exploded 

nodules and of compacted form 
are present in the matrix. TiC 
carbide particles distributed 
throughout the matrix. Some of 
them are cuboidal and others 
exhibit dendritic structure.

B2

Soaked at 
950°C for - 
normalised

B3 Chill cast

Soaked at 
950° for 4h 
normalised
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(3)(1) (2

B4 Sand cast Compacted and other degenerate 
forms of graphite present in 
transformed austenite (pear- 
lite) matrix. Patches of 
ferrite is also visible around 
graphite. TiC particles are 
distributed throughout the 
matrix. The morphology of 
carbide and graphite particles 
are clearly revealed on SEM 
examination of the samples 
after deep etching (Fig. 4.2.2 
(a-d)).

Soaked at 
950° for 4h, 
normalised

Rosettes and other forms of 
graphite in pearlite matrix. 
TiC particles are embedded in 
the matrix. Dendritic as well 
as cuboidal TiC are visible. 
The TiC particles are more or 
less uniformly distributed.

B5 Chill cast White cast iron structure. 
Transformed austenite (pear­
lite) + interdendritic plate 
like eutectic carbide. Fine 
TiC particles are present 
within pearlite (Fig-
4.2.3).

Soaked at 
950°C 4h, 
normalised

Uniformly distributed TiC 
particles in pearlite matrix. 
Graphite is mostly in flake 
form.

B6 Chill cast Dendritic net work of trans 
formed austenite (pearlite) 
and eutectic carbide. Den­
drites of TiC are also seen 
along with discrete TiC parti­
cles. SEM examination of the 
sample after deep etching 
shows the distribution of the 
TiC particles in the chilled 
matrix (Fig. 4.2.4).
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(i) ( 2 ) (3)

B6 Soaked at 
950° for 4h 
normalised

Pearlite matrix with numerous 
tempered carbon rosettes. Tic 
particles are distributed 
throughout the matrix. The 
microhardness of TiC, eutectic 
carbide and pearlite varies 
form 3256 to 3386, 1232 to 
1258 and 546 to 562 VPN 
respectively.

B7 Sand cast Dendritic TiC and discrete Tie 
particles present in trans­
formed austenite (pearlite) 
matrix. Graphite colonies are 
also seen.

Soaked at Ferrite pearlite matrix. 
Rosettes and flake graphite 
are present. Tic particles are 
dispersed throughout the 
matrix. The carbide particles 
are smaller in size compared 
to those of composite B4.

Composites prepared in zircon coated graphite crucibles

BIO Chill cast

Soaked
1000°C

B12

at
for 

6h, normal 
ised

Chill cast

A fine eutectic structure 
showing transformed austenite 
(pearlite) and eutectic car­
bide, Graphite particles of 
various degenerate forms are 
also visible. TiC carbide 
particles can be distinguished 
only at 1000 x magnification.

Uniform distribution of TiC 
particles in a granular pear­
lite matrix. Streaks of graph­
ite flakes are also seen (Fig. 
4.2.5).
Fine eutectic structure show­
ing transformed austenite 
(pearlite) and eutectic car­
bide . Some degenerate graphite 
particles and coarse long 
streaks of proeutectic car­
bides are also seen.
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(i) (2) (3)

B12 Soaked at 
1000°C for 
6h, normal 
ised

Uniform distribution of Tie in 
pearlite matrix. Numerous 
graphite rosettes of various 
sizes are present. Interden- 
dritic massive carbide parti­
cles are also seen (Fig. 
4.2,6).

B13 Sand cast Eutectic white cast iron 
structure (Fig. 4.2.7).

Soaked at 
950°C for 4h 
and normalised

Partial graphitisation occured
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Fig.4.2.1 TiC reinforced cast iron composite 
B1 (chill cast). A typical white 
iron structure, 200 x

Fig. 4.2.2 (a)



m

Fig. 4.2.2 (c)



(d)

Fig.4.2.2 SEM photographs of the cast iron 
(a-d) composite B4 (Sand cast) after 

deep etching,
a) As cast,
b-d) After cx_ • ' . . ferritising 
anneal at 700°C showing graphite 
and carbide morphology.

Fig.4.2.3 Cast iron composite B5 (As cast), 
200 X.
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Fig.4.2.4 SEM photograph of the cast iron
composite B6 (As cast) after deep 
etching showing distribution of 
TiC particles and dendritic net­
work of transformed austenite 
(pearlite).

Fig.4.2.5 Cast iron composite BIO normalised 
at 1000°C after soaking for 6h. 
Uniform distribution of TiC and 
granular pearlite, 200 X.



Fig.4.2.6 Cast iron composite B12 normalised 
at 1000°C after soaking for 6h. 
Uniform distribution of Tic and 
graphite particles of various con­
figurations, 200 X

Fig.4.2.7 Cast iron composite B13 (As cast) 
Eutectic white cast iron structure 
100 X.



Salient features in the microstructures of heat treated 
composites.

TiC reinforced cast iron composites prepared in 
magnesia coated graphite crucibles were normalised after 
homogenising at 950°C for 4 hours. The eutectic carbide in 

the chill cast composites suffered graphitisation during 

heat treatment, in spite of the low silicon content in the 

composites. Another conspicuous feature was the granular 
morphology of pearlitic carbide.

The composites prepared in zircon painted graphite
>

crucibles required higher graphitisation temperature 

( 1 0 0 0°C) and a longer period of holding (6 hours) at this 

temperature compared to those prepared in magnesia coated 

crucibles. The photomicrograph of the heat treated composite, 

B12 is an evidence of graphitisation of the chill cast sam­

ples (Fig. 4.2.6). The distribution of fine Tic particles in 

the pearlite matrix is found to be nearly uniform.

SEM and EDAX analysis

The SEM photographs of a TiC rich Fe-TiC master 

alloy A24 which contained 35.49 wt pet Ti, 53.08 wt pet Fe, 

0.25 wt pet Si, 0.36 wt pet Al, 1.2 wt pet Zr and 8.82 wt 

pet C are shown in Fig. 4.2.8(a&b). The photomicrographs 

reveal dendritic TiC growth. The titanium x-ray map of the 

same area as that in Fig. 4 .2 .8 (b) is shown in Fig. 4.2.9 

which confirms that the dendritic areas are rich in Ti.

128
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<b>SEM photographs of a TiC rich 
master alloy showing
(a) discrete, and.
(b) dendritic 
TiC particles.

Fig.4.2.8 
(a,b)

Fe-



Fig.4.2.9 Titanium X-ray mapping of Fig.4.2.8 (b) 
showing dendritic area rich in Ti.



Fig. 4 .2 .1 0 , shows a SEM photograph of the Tic rich Fe-TiC 

master alloy (A24) where a star like carbide particle is 

surrounded by a gray area. The SEM-EDAX analysis of the 

particle showed presence of 96.59 wt pet Ti, 2.39 wt pet Fe 

and 1.02 wt pet Zr (Fig. 4.2.10). The gray area contained 

only 3.40 wt pet Ti and 96.6 wt pet Fe. The microhardness 

of the star like particle varied between 3386 to 3577 VPN 

confirming the formation of TiC [57]. The x-ray diffraction 

studies of such master alloys also confirm (Table 4.1.2) the 

presence of Tie. The gray area has hardness values varying 

between 2191 to 2692 VPN, while pearlite has hardness values 
between 460 and 472 VPN.

The SEM photographs of composites B6 and B7 show 

presence of dendritic TiC and cuboidal carbide particles in 

Fig. 4.2.11 and Fig. 4.2.12, respectively. Fig. 4,2.13 shows 

SEM photograph of composite B6 at yet another location. The 

x-ray mapping of same area for Ti, Fe and Mn are shown in 

Fig. 4.2.14 to Fig. 4.2.16. It may be seen from the figures 

that cuboids and dendrites are rich in titanium. Uniform 

distribution of Mn in the matrix may be seen.

The titanium carbide morphology of TiC reinforced 

cast iron composite Bll has been studied in detail. The SEM 

photographs (Fig. 4.2.17 to Fig. 4.2.20) show various mor­

phological features like dendritic growth, star like parti­

cles, rod type particles and discrete well defined polyhe­

drons. The SEM - EDAX analysis of carbide particles show a 

variation of Ti content from 94.33 to 95.33 wt pet and that

131



Fig.4.2.10 SEM photograph of a TiC rich
master alloy A24 showing a star 
like Tie particle surrounded by 
gray area. Gray area contained 
3.40 wt pet Ti.

Fig.4.2.11 SEM photograph of a cast iron 
composite B6 showing dendritic 
TiC morphology.



Fig.4.2.12 SEM photograph of a cast iron
composite B7 showing TiC parti­
cles of various configurations.

Fig.4.2.13 SEM photograph of cast iron com­
posite B6 showing TiC particles 
in cuboidal form.
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Fig.4.2.14 Ti, X-ray mapping of cast iron 
composite B6 .

Fig.4.2.15 Fe, X-ray mapping of cast iron 
composite B6 .

.■
A
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Fig.4.2.16 Mn, X-ray mapping of cast iron 
composite B6
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in iron from 4.67 to 6.56 wt pet (Fig. 4.2.18 and Fig. 

4.2.19). A typical matrix composition taken avoiding car­

bides show presence of 3.91 wt pet Ti, 1.22 wt pet Mn and 
94.89 wt pet Fe (Fig. 4.2.20).

X-ray diffraction analysis

X-ray diffraction data for some of the cast iron 

composites are presented in Table 4.2.4. It may be seen from 

the Table that the presence of TiC phase has been identified 

in all the composites.

Carbide particle size distribution in TiC reinforced cast 
iron composites by image analysis.

The data on particle size distribution of carbides 

and the volume percent in various size fractions as evaluat­

ed by Quantimet Q570 for some of the composites are present­

ed in Table 4.2.5 to Table 4.2.7. It may be seen from the 

Tables that significant quantities of carbide particles of 

size less than 8fj,m (referred to as under size in the Tables) 

are present in the TiC cast iron composites. Chill cast 

composites B1 and B5 (titanium content varying from 1.48 to 

3.11 wt pet) show that nearly 95 pet of particles are having 

a size below 16/m. As the titanium content of the cast iron 

composite is increased to 5.62.wt pet in composite BIO the 

coarser particles become more numerous. After a normalising 

treatment, the volume percent of coarser particles increase 

ar»d the count for under size particles decrease. A similar
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Table 4.2.4

X-ray diffraction analysis of TiC reinforced 
cast iron composites

Compo- Phases Relative (hkl) Planes
site inten-
No. sities

B1 a-Fe S (110), (200)

Fe3c S (031) , (121), (221), (022) , (231)

TiC W (200), (311)

B5 a-Fe S (110), (200), (211)

Fe3C s (031), (102), (221), (201) , (311)

TiC w (200)

BIO a-Fe s (110), (200)

Fe3C s (031), (102), (210), (221) , (131)

TiC w (200)

Relative intensity
S = 80 to 100 pet, M = 40 to 79 pet, W = 5 to 39 pet
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i n c r e a s e  in the volume fraction of the coarser particles is 

n o t i c e a b l e  in case of sand cast samples. The data for sam­
ples B7 (4.17 wt pet Ti) is a typical example. An increase 

i n  t h e  titanium percentage in the composite as in the norma­

lised cast iron composite B12 (10.86 wt pet Ti) results in 
f u r t h e r  increase in the volume percent of carbide particles 

i n  t h e  coarser range i.e, over particle size of 22. 62 jum.

145
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The results of the experiments on the preparation 
of TiC reinforced cast iron composites may be analysed to 
highlight the following:

1) characteristics of the as cast and heat treated micro- 
structures of cast iron composites, and

2) Morphology and distribution of titanium carbide parti­

cles in the composites

The titanium content in the cast irons prepared by 

plasma smelting of ilmenite varied considerably (Table 4.2.1 

and Table 4.2.2), eventhough the charge mix and other smelt­

ing parameters were kept constant. Because of the small size 

of the reactor, it was difficult to achieve clear slag/metal 

separation. Lower oxides of titanium such as TiO and Ti203 

are produced as intermediate products of ilmenite reduction 

when no flux is added. These lower oxides of titanium react 

with the magnesia lining of the crucible forming compounds 

like Fe2MgTi301;L, Mg2Ti04 etc. It is likely that the titani­

um lost in the slag as complex compounds is not recovered in 

the metal phase during smelting. The titanium metal recov-

erV' therefore, varies with the amount of titanium lost in 
the slag.

It is interesting to note that the cast iron melt 

Picked up considerable^ amount of magnesium or zirconium

4.2.2 Discussion
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depending upon the type of lining used. Thermodynamic calcu­

lations for carbothermic reduction of MgO and Zr02 are as 

follows:

MgO (s) + C(s) - Mg(g) + CO(g) ............... (4.22)

A G°t = 154,900 + 7.37 TlogT - 96.65 T Cal; 298 - 2500 K 
Hence, at T = 2073 K; £G°2073 = + 5215 Cal

at T = 2173 K; A G°2173 - - 1677.4 Cal

Zr02(s) + 2C(s) - Zr(s) + 2C0(g) ............... (4.23)

AG°t = 206,800 + 6.44 TlogT - 107.89 T Cal; 298 - 2138 K 

Hence, at T = 2073 K; A G °2073 = 27/421 Cai 
at T = 2473 K; A G°24?3 = - 5971 Cal

Zr02(s) + 3C (s) = ZrC(s) +2C0(g) ............... (4.24)

a G°t = 162,700 + 6.44 TlogT - 105.69 T Cal; 298 - 2000 K 

Hence, at T = 1873 K; A g °1Q73 = 4216 Cal

at T = 1973 K? A G°1973 = - 3938 Cal

The calculations show that the carbothermic 
reduction of MgO requires a temperature of about 2173 K [Eq. 

4.22] while Zr02 reduction requires a temperature of about 

2473 K [Eq.4.23]. The formation of ZrC requires a tempera­

ture around 1973 K [Eq.4.24], The temperature in the plasma 

factor, particularly in the arc crater, is usually quite 

high. Hence, reduction of MgO to Mg and Zr02 to ZrC is 

thermodynamically feasible in the plasma reactor.
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I n t r o d u c t i o n  of magnesium or zirconium from the 

lining into the cast iron melt exerted some effect on both 

the chill cast and sand cast microstructures. The magnesium 

alloyed sand cast composites were almost free from any 

e u t e c t i c  carbide (Fig. 4.2.2a), whereas those alloyed with 

z i r c o n i u m  were heavily mottled. The silicon content in all 

these composites was quite low. I n  cast iron silicon is the 

main graphitiser. The graphitising effect of aluminium is 

much less than that of silicon [97], while the chilling 

tendency of the magnesium free samples was the consequence 

of very low silicon content in the alloys. I t  is interesting 
to note that incorporation of magnesium from the lining 

reduced this chilling tendency significantly. The mechanism 

is not clear at this stage. Zircon is a likely impurity in 

ilmenite, since the original beach sand from which ilmenite 

is separated also contains zircon. In addition to the reduc­

tion of zircon in the ilmenite, the reduction of zircon 

paint applied to graphite crucible accounts for the presence 

of^higher amount of zirconium in the composites B8 to B12 

(0.178 to 0.521 wt pet). Although zirconium is known to be a 

graphitiser[98], it did not exert any significant graphitis- 

ing effect in these samples. It is likely that the zirconium 

is tied up entirely as carbide and hence is unable to exert 

its intrinsic effect.

The pick up of magnesium influenced the graphiti- 

sation kinetics greatly. In spite of the low silicon level, 

the chill cast magnesium containing cast iron composites
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could be graphitised within a rather short period of 4 hours 

at 9 5 0°C. The resulting microstructures consisted of a 

u n i q u e  combination of graphite rosettes and well dispersed 

Tie particles in a pearlite matrix. The graphitising influ­
ence of magnesium in the white iron has been thoroughly 
studied [99-101]. However, the present result is unique in 
two respects. First, the magnesium was picked up in the 

present series of composites by in situ reduction of magne­

sia. Secondly, all the cast iron samples had an extremely 

low silicon.

A comparison of the TiC particle size distribution 

in the as cast and normalised composites (Table 4.2.5 to 

Table 4.2.7) reveal that the size of TiC particles in the 

magnesium free composites were finer than those in the 

magnesium containing composites. This difference can be 

further appreciated by examining the microstructures of the 

normalised magnesium bearing and magnesium free composites 

(B6 and Bll shown in Fig. 4.2.4 and Fig. 4.2.17, respective­

ly ). It is likely that £he greater chilling tendency of the 

magnesium free samples ensured better distribution of Tic 

Particles and prevented their coarsening.

When the charge mix was adjusted to have a high 

Itanium containing master alloy, the product became semi­

fluid and did not flow. On examination of the microstruc­

tures of Tic rich Fe-TiC master alloys, two distinct mor­

phologies of Tic could be observed. These are dendritic and
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d• screte idiomorphic crystal type (Fig. 4.2.8(a&b)). Such 

type of microstructures were also observed in TiC reinforced 

cast iron composites (Fig. 4.2.18 to Fig. 4.2.20). TiC has a 

melting point of 3250°C and has extremely low solubility in 

molten iron. But the presence of dendritic TiC particles 
suggest that these particles had grown in a different fash­

ion. It can be noted from Ti-C phase diagram (Fig. 2.6) that 
TiC and graphite forms an eutectic at 2760°C. Just below 
the plasma arc roots temperatures of such order is quite 

likely. Hence, the formation of TiC-graphite binary solu­
tions is also possible. The as cast microstructure in Fig. 
4.2.2b shows dendritic TiC and graphite growing together in 

the matrix. The dendritic morphology is, therefore, believed 

to be the product of solidification of a binary TiC-graphite 

solution through a distinct solidification temperature range 

according the Ti-C phase diagram.

4.2.3 Conclusions

Following conclusions are deduced from the above 

discussion. As regards cast iron composites the main conclu­

sions are as follows.

a) It is possible to prepare Tie reinforced cast iron 

composites by carbothermic reduction of ilmenite in a 

bed of steel scrap in the plasma reactor.

b) The coating of magnesia or zircon on the graphite 

crucible surface is partially reduced during smelting
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operation. The magnesium or zirconium released is 

picked up by the melt.

Low silicon cast iron melts prepared in the plasma 
reactor have adequate fluidity to permit casting in a 
sand or metal mould.

During solidification the magnesium bearing melts 
suffer less chilling than the melts free from magnesi­
um.

Magnesium bearing chill cast samples can be graphitised 
at 9 5 0 °C within 4 hour. Magnesium free composites 

require heat treatment for longer durations for gra- 

phitisation.

Titanium carbide particles are finer in magnesium free 

samples.

Regarding master alloys the main conclusions are 

follows.

Two types of TiC morphology - dendritic and discrete 

particle type are observed in the frozen samples.

The dendrite morphology is the result of TiC - graphite 

alloy formation.
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4.3 TiC REINFORCED STEEL COMPOSITES

In this section the results on Tic reinforced 

steel composites are presented. The results are then analy­

sed and relevant conclusions are drawn.

4.3.1 Results

Tic reinforced steel composites were prepared by 
dissolving predetermined quantity of TiC rich Fe-TiC master 

alloy in a liquid plain carbon steel or an alloy steel bath. 

In one such instance, such a composite was prepared by 

melting the Tic rich iron - TiC master alloy and addition of 

iron ore (blue dust variety containing 97.6 wt pet Fe203) to 

oxidise away excess carbon present in the master alloy. An 

experiment was also carried out on dissolution of chemically 

pure Tie in a plain carbon steel bath. All these experiments 

were carried out in an induction furnace.

Various investigations have been carried out to 

characterise the TiC reinforced steel composites and they 

are as follows :

!■ Chemical analysis 

2 • Microstructural characteristics

a) Optical microstructure

b) Image analysis studies for carbide particle

distribution and grain size measurements.

size



c) Microstructural features by transmission electron 
microscopy.

3. SEM-EDAX analysis

a) Microstructural features

b) inclusion analysis
c) carbide matrix interface analysis.

4. Mechanical properties.
a) Tensile test

b) Impact test

The details of various characterisation studies 

are presented below :

Chemical analysis

Tic reinforced steel composites were prepared by 

dissolving Tic rich iron - TiC master alloy (containing 

30.92 wt pet Ti, 0.549 wt pet Al, 0.60 wt pet Si, 0.067 wt 

pet Mg, 0.178 wt pet Zr and 11.8 wt pet C) in a plain carbon 

steel (containing 0.1 or 0.03 wt pet C) melt. The addition 

of master alloy was in a proportion of 0.5, 1, 5 and 10 wt 

Pet of the weight of steel scrap. Low carbon steel scrap 

(°. 03 Wt pet C) was used when the addition of master alloy 

was in a proportion of 0.5 and 1 wt pet. The chemical analy­

sis of a few composites as evaluated by spectroscopic 

analysis are presented in Table 4.3.1. It may be noted from 

the data presented in the Table that titanium content of 

composites varied from 0 . 0 0 2 8 to 0.71 wt pet. The carbon
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content of Tic reinforced steel composites increased as the 

addition of master alloy is increased. Composite C8 was 

prepared by reacting 360 g master alloy with 225 g blue dust 

in an induction furnace; Composite C9 was prepared by addi­

tion of 100 g pure TiC to 2 kg steel melt. The percent 

recovery of titanium in the composites is reported in 
Table 4.3.2. It may be seen from the Table that titanium 

recovery varied from 2 to 23 pet when master alloy was 

dissolved in the liquid steel. A recovery of 27 pet Ti has 

been obtained in the case of composite C8 prepared by react­

ing master alloy with iron ore. Composite C9 has shown the 

lowest Ti recovery of 0.82 pet, which was prepared by disso­

lution of pure TiC in steel melt.

Microstructural characteristics 

Optical microstructures

Tic reinforced steel composite castings were 
forged as mentioned in “experimental1 (section 3.3.4) and 

were normalised by holding the specimens at different homo- 

genisation temperature and duration.

As cast microstructure of steel composite C6 is 

shown in Fig.4.3.1. The microstructure shows presence of 

Pearlite grains with grain boundary ferrite. The presence of 

TiC particles in the pearlite matrix may be seen. The micro­

structures of composites C4 and C5 in as forged condition is 

shown in Fig. 4.3.2 and Fig. 4.3.3, respectively. Angular 

ferrite grains with Tic particles in it are seen. The micro-

155
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Table 4.3.2

Recovery of titanium in TiC reinforced composites.

Composite Wt pet Fe-TiC Pet
No. master alloy Ti recovery

addition

Cl 0,5 2.03
C2 1.0 1.75

C3 1.0 13.53
C4 5.0 8.99
C5 10.0 9.82

C6 10.0 23.40

C7 10.0 4.60

C8* 26.89

C9** 0.82 

* Composite prepared by reacting master alloy and iron ore 

** Prepared by addition of pure TiC to steel melt.
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Fig.4.3.2 Steel composite C4 (As forged) show 
apolygonisation of grains, 200 X
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Fig.4.3.3 Steel composite C5 (As forged) shows 
apolygonisation of grains, 200 X.

i
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s t r u c t u r e s  of composites C4 and C6 after normalising the 
f o r g e d  specimen by soaking at 950°C for 2 hours are present­
e d  in Fig. 4.3.4 and Fig. 4.3.5, respectively. Rounded 
e q u i a x i a l  grains of ferrite are observed in Fig. 4.3.4 with 
uniform distribution of carbide particles. Fine pearlite 
grains with uniform distribution of TiC particles are seen 
in Fig. 4.3.5. Tie particles are seen even within pearlite

>

colonies at high magnification (Fig. 4.3.6) in composite C4, 
which was normalised after homogenising at 1150°C for 2 

hours. The composite C7 prepared with alloy steel as a 
matrix showed uniform distribution of TiC particles in 
ferrite and pearlite after normalising (homogenising at 
950°c, 2 hours). The microstructure of TiC reinforced steel 
composite C8 prepared by reacting master alloy and iron ore 
is shown in Fig. 4.3.7. TiC particles in cuboidal forms are 
seen in the pearlite matrix.

Carbide particle size distribution and grain size 
measurements in composites

The Tic particle size distribution and grain size 
measurements of steel composites were carried out on Quanti- 
met Q 570 image analyser. The carbide particle size and its 
distribution in some of the TiC reinforced composites are 
Presented in Table 4.3.3 and Table 4.3.4. Many carbide 
Particles present in the composites have sizes below 8jm 
(Table 4.3.3 and Table 4.3.4). The effect of homogenisation 
temperature on carbide particle size distribution is shown



160

Fig.4.3.4 Steel composite C4 normalised at 
950°C after soaking for 2 h show­
ing distribution of TiC particles 
200 X

Fig.4.3.5 Steel composite C6 normalised at
950°C after soaking for 2h uniform 
distribution of Tic particles, 200 X



Fig. 4. 3. 6 Steel composite C4 normalised, at 
1150°C after soaking for 2h show- 
ing uniform distribution of TiC 
particles, 1000 X.

Fig.4.3.7 Steel composite C8 (As cast) shows 
cuboidal TiC particles, 200 X.
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Ŝim
 

siz
e 

pa
rti

cl
e 

are
 

no
t 

co
ns

id
er

ed
.



Ti
ta

ni
um

 
ca

rb
id

e 
pa

rt
ic

le
 

siz
e 

di
st

ri
bu

tio
n 

in 
TiC

 
re

in
fo

rc
ed

 
st

ee
l 

co
m

po
si

te
s

m

V
<N

o  . w~>
O n

U

UoO
^ <N

u <o
on

%
B
55O
!■oU

ocu
o
>

§o
O

o
>

c3o
u

oo,
o
>

G3o
U

o
a
o
>

e3o
U

Ezl

On r - o W) Tf W") CSCO o oo O CN W*>
1 i j CO CN vd C*-’ o*̂4 CN CN

VO vo O n o O n00 r- w->CO tj* 00 wo CN
coOn

t—1 CN VO CN
O n — * OO

wS ,— CO oo
CN CN r—.

W-)O nON
C"-vo
CO

CNOnVO

CN
ooto

CO VO OO CO CO CO (No On CN (N CNo CN i—<
CO CN i—i

r̂ r- CO r- On r** CO vovq vq ,̂r r- Tt On vo COCN w-> o Os CN © cor—1 1 CN •—

CN T̂ On W} co CNOn VO vo 00 COO 00 wn CN
w~>uo O'

CN 00 ON ■̂r r-O n CO VO ON rfr
w~j CO w-> VO o

w~H (N <N *—

CN<NOr-

CO

i—i CO oo woo CO vo 1—* voCN CO o CN
co co vo —

<L>*oG.

CO vo

CO

oo

CNvo
CN
CN

VO

CNCO

CNVO
CNCN

W~>
CNir>Tf

CNco

VO

woCNW~i

o
on

vO

00CN

wo
OOn

woVO

oo13-*-*o
H



164

in Table 4.3.4 . There is a decrease in the count of parti­
cle size below 8 jim as well as increase in volume percent of 
coarse particles when homogenisation temperature is in- 
creased from 950° to 1150°C.

The results of grain size measurements for some of 
the TiC reinforced steel composites along with aspect ratio 
of grains and pearlite area fraction are presented in Table 
4.3.5. There is hardly any change in grain size measurement 
of composites C4 and C5 as the homogenisation temperature 
during heat treatment is increased from 950° to 1150°C . 
Lowest average grain size of 4.44 fim was obtained in compos­
ite Cl while, composite Cl showed highest average grain size 
of 2 0.91 ,um. The aspect ratio of grains vary mostly between 
0.8 and 0.9 indicating the presence of nearly equiaxial 
grains in the composites. The area fraction of pearlite has 
varied from 0.27 to 0.9 depending on the carbon content of 
the composites.

Microstructural features by transmission electron microscopy

The transmission electron photomicrograph of 
c o m p o s i t e  C4 shows presence of fine carbide precipitates in 
f e r r i t e  m a t r i x  (Fig. 4.3,8). Sharp grain boundary is seen in 
TEm photomicrograph of composite C4 in Fig. 4.3.9. The grain 
b o u n d a r y  precipitation (Fig. 4.3.10) is observed in TEM 

P h o t o m i c r o g r a p h  of composite C5.
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Fig. 4.3.8 TEM photograph of the steel 
composite C4 showing fine 
precipitate of TiC, 5000 X.

Fig.4.3.9 TEM photograph of the steel composite 
C4 showing sharp grain boundary, 3400
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Fig.4.3.10 TEM photograph of the composite C5 
showing grain boundary 
precipitate, 8300 X.



SEM - EDAX analysis 

Hicrostructural features

Scanning electron photograph of as cast Tic rein­
forced steel composite C7 is shown in Fig. 4.3.11. Cuboidal 
TiC particles are seen in the matrix. The normalised (950°C,
2 hours) specimen of composite C7 shows presence of a clus­
ter of Tic particles in Fig. 4.3.12. EDAX analysis of cu­
boids of composite C7 showed presence of 95.4 wt pet Ti and 
4.6 wt pet Fe. The analysis of a cuboid in composite C6 in 
as cast condition showed the presence of 94.2 wt pet Ti and 
5.80 wt pet Fe. The carbide analysis of composite C8 has 
shown the presence of 98.89 wt pet Ti and 0.45 wt pet Si, 
0,28 wt pet Al and 0.22 wt pet Mn.

Inclusion analysis

SEM-EDAX analysis of inclusions present in some of 
the composites have been carried out and their elemental 
analysis data are presented in Table 4.3.6. The inclusions 
a**e found to be rich in Ca, Mg, Ti, Al, Si, Mn etc. and 
these are inclusion morphology modifiers.

Carbide - matrix interface analysis

Carbide - matrix interface area has been studied 
for a few of TiC reinforced steel composites. The spot 
analysis data are presented in Table 4.3.7. It is known in 
a^minium metal - matrix composites, at interface between

1 6 8
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Fig. 4. 3. XI SEM photograph of the steel
composite C7 (As cast) showing a 
cuboidal TiC particle in a deep 
etched section.

Fig,4.3.12 SEM photograph of the steel 
composite C7 normalised from 
950 C after soaking for 2h 
showing a cluster of Tic 
particles.
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ceramic particle and matrix, reactive elements like Mg, Zr,
P etc., a re sa^d to be present.

Mechanical properties

Tensile test

The tensile test results of a few of TiC rein­
forced steel composites are presented in Table 4.3.8. The 
data presented are the average values of a minimum of three 
readings close to each other. A typical load vs elongation 
plot for composite is shown in Fig. 4.3.13. It may be seen 
from the Table that ultimate tensile strength increased from 
37 kg/mm2 (composite Cl) to 79 kg/mm2 (composite C5) indi­
cating an increase in tensile properties as titanium content 
is increased from 0.0028 to 0.2974 wt pet. There is no 
significant improvement in strength properties of composites 
containing titanium over 0.3 wt pet. The percent elongation 
varied between 20 to 55 pet. The tensile strength property 
of composite C8 prepared by reacting master alloy and car­
bide varied between 80-85 kg/mm2. The percent elongation and 
reduction in area are not reported as the failure took place 
°ut side the gauge length.

SEM photographs of a few fractured surfaces of 
tensile test specimens are presented in Fig. 4.3.14 to Fig.
4 *3. is for composites C2, C6 and C8. The nature of failure 
appears to be ductile and intergranualr. Dimples around 
c*rbide particles may be noted at some places.
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Table 4.3.8
Tensile strength properties of TiC reinforced 

steel composites
(Normalised from 950°C after soaking for 1 hour)

C o m p o site  Wt Pet UTS Pet Pet reduction
No. Ti C kg/mm Elongation in area

Cl 0.0028 0.0538 37.78 34.5 56.50
C2 0.0053 0.03 49.05 23.75 37.70
C4* 0.1362 0.3236 54.83 25.30 55. 00
C5* 0.2974 0.5877 79.07 18.60 36.60
C6 0.71 0.486 84.27 19.25 35.90
C7** 0. 141 0.612 88.05 20.00 20.99
C8 7.481 1.485 85.00 NA NA

NA - not analysed as specimen failed 
beyond gauge length.

* - Normalised from 1150°C after soaking for 2 h
** - The composite contains Cr, Ni and Mo 

as alloying elements
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F i g .4.4.13 A typical load vs elongation plot for steel composites.
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Fig.4.3.14 SEM photograph of the tensile 
fracture surface of the steel 
composite C2. A ductile fracture.

Fig.4.3.15 SEM photograph of the tensile 
fracture surface of the steel 
composite C6. A ductile fracture.
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Fig.4.3.16 SEM photograph of the tensile 
fracture surface of the steel 
composite C8. A ductile-fracture.
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i m p a c t  test

TiC reinforced steel composites were evaluated for 
toughness property by Charpy impact test. The results of 
impact tests are presented in Table 4.3.9. The data present­
ed are the average values of a minimum of two readings close 
to each other. Highest impact test values of 90 joules were 
obtained in composite Cl while ̂ lowest value of 15 Joules 
w©*£ obtained in composite C5 (Table 4.3.9). The impact test 
values decreased as the titanium content in the composites 
was increased. The fractured surfaces of impact test speci­
mens were examined under scanning electron microscope. Fig. 
4.3.17 to Fig, 4.3.19 show impact fracture surface as ob­
served under SEM for composites Cl, C4 and C5. The composite 
Cl has shown ductile fracture which is having 0,0028 wt pet 
Ti. As the titanium content in the composite increases the 
fracture changes from ductile to partly ductile and partly 
brittle (Fig. 4.3.19). The dimples in ductile fracture have 
formed around some inclusions and EDAX analysis of such 
inclusions are presented in Table 4.3.10.
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Table 4.3.9
Impact test results of Tic reinforced steel composites 

(Normalised from 950°C after soaking for 1 hour)

Composite
No.

Wt
Ti

Pet
C

Impact test values 
Joules

Cl 0.0028 0.0538 91
C4 0.1362 0.3236 21

C5 0.2974 0.5877 15

Table 4.3.10
Analysis of inclusions on the fracture surface 

of the impact test specimens

Composite No. Wt pet
Si Mn Fe S Ti Or

<-1 16.397 58.08 25.546 -
19.171 45.432 32.914 1.905 0.023 0.555 

C4 0.069 29.036 28.495 20.724 21.665



Fig.4.3.17 Fractograph of composite Cl 
(Impact fracture).

Fig.4.3.18 Fractograph of composite C4 
(Impact fracture)
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Fig.4.3.19 Fractograph of composite C5 
(Impact fracture). A brittle 
fracture.
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TiC reinforced steel composites were produced by 
dissolving Tie rich Fe-TiC master alloy (prepared by carbo­
t h e r m i c  reduction of ilmenite ore in the plasma reactor) in 
a m o l t e n  s t e e l  bath in an induction furnace. Results of var­
i o u s  characterisation studies like chemical analysis, light 
m e t a l l o g r a p h y ,  scanning electron micrography, transmission 
e l e c t r o n  micrography, energy dispersive x-ray analysis and 
m e c h a n i c a l  testing have been reported in the preceding 
s e c t i o n .  These results are discussed in the following sec­
t i o n s  .

chemical analysis and recovery of titanium in the composites

The chemical analysis data presented in Table
4.3.1 show that as the titanium content of the composites is 
i n c r e a s e d  the carbon content also increases. This is expect­
ed.  A s  t h e  quantity of master alloy addition to the steel 
m e l t  i s  increased the carbon input to the steel bath is also 
i n c r e a s e d  mainly by dissolution of the carbon present in the 
m a s t e r  alloy as iron carbide. The recovery of titanium in 
t h e  composites show a considerable scatter (Table 4.3.2). It 
h a s  b e e n  a s  low as 2 pet and as high as 23 pet. The likely 
reasons for such a variation are, a) loss of titanium by the 
P r o c e s s  of deoxidation of steel and b) loss of titanium by 
direct oxidation. Though the deoxidation of steel bath by 
a d d i t i o n  of Fe-si, Fe-Mn and Al was carried out and the 
oxide s l a g  was removed prior to addition of the master

4.3.2 Discussion



alloy* the open bath conditions and continuous induction 
stirring allowed pick up of oxygen in the bath. It is well 
Known that titanium is a deoxidiser [102] and it has already 
been shown by the reaction [Eq.4.17 in section 4.1.2] that 
r e d u c t i o n  of Fe2C>3 by Tic is thermodynamically feasible and 
the reaction product is titanium oxide. Hence, there is a 
s c a t t e r  in recovery of titanium while preparing the compos­
i t e s .  T h e  recovery is likely to improve if the master alloy 
addition i s  made under a cover of inert gas or in vacuum. 
H o w e v e r ,  the titanium recovery by addition of the master 
alloy to  molten steel bath is significantly higher as com­
pared to the addition of pure TiC. The likely reasons for 
poor recovery of Ti by addition of pure TiC are, a) the high 
melting point of TiC (3250°C) , b) fine particle size of such 
carbide, and c) low specific gravity.

The recovery of Ti in the composite prepared by 
reacting Tic rich Fe-TiC master alloy with iron ore is over 
26 pet. The process is one of oxidising away excess carbon 
present in the master alloy by addition of iron ore. As 
observed during cast iron smelting, it is necessary to keep 
the titanium content below 10 wt pet to maintain sufficient 
fluidity of the melt. Both titanium and carbon content in 
composite C8 was higher compared to those prepared by disso­
lution technique still its fluidity was adequate for sample 
casting. Thus, the process of oxidising away excess carbon 
from the master alloy to produce steel composites appears
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to ke attractive for the production of composites with high 
titanium and carbon contents.

Microstructures

The light micrographs of composite specimens in as 
cast, as forged and in heat treated conditions have been 
presented in Fig. 4.3.1 to Fig. 4.3.6. A typical as cast 
structure of composite C6 is shown in Fig. 4.3.1. As in the 
microalloyed steels, some of the grains in the as forged TiC 
reinforced steel composites (Fig. 4.3.2) were apolygonal. It 
is likely that complete recrystallisation was prevented by 
fine TiC particles at the low forge finish temperature 
(850°C). After normalising, however, complete recrystallisa­
tion occurred. The TiC particles also became more prominent­
ly visible due to the particle coarsening (Fig. 4.3.4). The 
morphology of TiC particles is revealed more clearly in Fig. 
4.3.7. Particle size in this composite is higher due to its 
relatively high titanium (7.481 wt pet) and carbon (1.485 wt 
pet) contents.

Titanium carbide particle size distribution and grain size

measurements

The distribution of TiC in steel composites were 
determined by Quantimet Q570. The data presented in Table 
4-3. 3 and Table 4.3.4 show that there are a large number of 
Particles below 8/xm. There is an increase in volume fraction 
°f coarse particles as the titanium content increases in the 
steel composites. The precipitation of TiC in steel compos­
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ites can be ascertained by knowing thermodynamic values for 
the solubility product and solubility of Tie in austenite.
The solubility product for TiC is given by

ft

[aTi] [ac]
^ = .........  ..............(4.25)

[aTic]
Where, k = solubility product 

aTi = activity of Ti 
ac = activity of c 
aTic ~ activity of TiC

Considering the formation of pure Tic i.e., aT ĉ ~ 1 and a 
dilute solution of Ti in steel matrix, then the Eq. 4.25 re­
duces to :

k = [wt pet Ti ] x [wt pet C] ..............(4.26)

Number of investigations have been carried out to 
arrive at the equilibrium solubility of TiC in austenite as 
a function of temperature [52, 103]. The relationship de­
veloped usually expresses the solubility of phase AmBn as 
the solubility product [51] and it takes a form.

Log [A]m/n [B] = y - x/T ..............(4.27)

Where x and y are determined experimentally, T is 
the temperature in Kelvin, square brackets represent percent 
by wt of element A or B is solution in austenite. Many of 
the relationships developed by various investigators were 
for low carbon alloys and interaction parameters for solute
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were not considered. Recently, Balsubramanian et al.,[53] 
have developed a relation for solubility of TiC in austenite 
considering the interaction parameters for solute and the 
equation is as follows :

9070
Log [ (wt pet Ti) (wt pet C) ] = ---  + 4.10

T
1205

+ [ --- +0.24] X wt pet C ..(4.28)
T

The values of solubility product and solubility of 
TiC in austenite at two different temperatures namely, 1223 
and 1423 K are presented in Table 4.3.11 for some of the 
steel composites. The equilibrium solubility product values 
for composites Cl and C2 are lower than the solubility of 
Tic in austenite indicating that all the TiC particles 
present in the composites go into solution in the austenite 
and reprecipitate as the composites are cooled from the 
normalising temperature. This is because the solubility of 
TiC in austenite decreases as the temperature decreases. The 
equilibrium solubility products for composites C3 to C8 are 
ôre than that for TiC solubility in austenite at both 1223 
and 1423 K. This indicates that all the TiC present in the 
composites doGs not go into solution at the austenitising 
temperature under consideration. Presumably the coarse TiC 
Particles are the ones which remain undissolved in the
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Table 4.3.11
Solubility product and solubility of TiC in austenite

Composite Solubility Solubility of TiC in austenite
No. product 1223 K 1423 K

Cl 1.5064 x 10~4 5.6198 X 10~4 6.0893 X 10"3
C2 1.59 x 10“4 5.2548 X 10“4 5.7372 X 10-3
C3 0.02214 1.0343 X 10~3 1.0460 X 10-2
C4 0.0441 1.2031 X 10~3 1.1962 X 10-2
C5 0.1748 2.5345 X 10~3 2.3164 X 10'2
C6 0.3451 1.9023 X 10"3 1.7959 X 10-2
C7 0.0863 2.7144 X 10"3 2.4616 X Id"2
C8 11.1093 3.1867 X o l 0.2189
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austenite. Such observations have been made by K.A.El-Fawak- 
hry et al.,[49] while characterising vanadium and titanium 
micro alloyed steels.

The coarsening of TiC particles in steel compos­
ites can be seen (Table 4.3.4) when austenitising tempera­
ture is increased from 1223 to 1423 K. For example, in com­
posites C4 and C5 the counts for particles below 8^m de­
creases as the austenitising temperature increases. Further, 
there is an increase in volume percent of coarse carbide 
particles.

SEM - EDAX analysis

SEM-EDAX analysis of carbide particles, carbide/ 
matrix interface and inclusions has been carried out. The 
analysis of some of the inclusions present in the composites 
as given in Table 4.3.6 shows that Ti is associated with 
sulphide inclusions. This indicates that Tic participates in 
chemical reaction with the inclusions. In literature associ­
ation of Ti with sulphide inclusions has been reported [49]. 
The carbide analysis has shown that upto 4 wt pet Fe is 
present in some of the carbides. The interface between 
carbide and matrix was analysed with a view to find any 
segregation of elements at the interface. In case of alumin­
ium metal matrix composites presence of Mg, Zr or P etc. , 
has been known to segregate at carbide/matrix interface [1, 
104]. The data presented in Table 4.3.7 d O  not show any



m
clear indication for such segregations in TiC reinforced 
steel composites.

Mechanical properties

Tensile properties of a few TiC reinforced steel 
composites have been presented in Table 4.3.8. There is 
significant increase in UTS of composites from 37 kg/mm2 
(composite Cl) to 79 kg/mm2 (composite C5) * The titanium 
content of composites varied from 0.0028 wt pet (composite 
Cl) to 0.2974 wt pet (composite C5). The carbon content also 
increased simultaneously from 0.0538 wt pet (Cl) to 0.5877 
wt pet (C5) . The improvements in UTS beyond 0.3 wt pet Ti 
has not been very significant. This type of trend in steels 
containing titanium have been reported by Irvine et al., 
[47]. TEM photographs of composites C4 and C5 (Fig. 4.3.8 
and Fig. 4.3.10) show presence of submicron size precipi­
tates of TiC. Therefore, the improvement in strength proper­
ties in low Ti containing composites may be due to precipi­
tation strengthening of the matrix by TiC precipitates. The 
precipitation hardening of Ti microalloyed steels are well 
known and have been studied extensively [45, 105, 106]. Cottl- 
posites containing beyond 0.3 wt pet Ti have coarser TiC 
particles (Fig. 4.3.7) of composite C8). The coarser parti­
cles are cuboidal in morphology. Therefore, there is no 
significant increase in UTS beyond 0.3 wt pet Ti. The values 

percent elongation and reduction in area have decreased 
ir» composites containing Ti beyond 0.3 wt pet. The SEM



photographs of tensile fracture (Fig.4.3.14 to Fig, 4.3.16) 
have shown ductile fracture. The dimples formed are deep in 
case of low Ti composite while, they are shallow for high 
titanium composite. This indicates a deterioration of duc­
tility as the titanium content increases, which is corrobo­
rated by the results of the tensile tests.

The impact test results also show that the tough­
ness deteriorates as the titanium content is increased 
(Table 4.3.9), The TEM photographs of composite C5 (Fig. 
4.3.10) which had shown low impact test values (15 joules) 
show the presence of continuous films of grain boundary 
precipitates. Simultaneously coarse cuboidal TiC particles 
can also be seen in the sample under light microscope. The 
high tensile strength of this composite is derived from the 
combined effects of grain boundary precipitation, TiC dis­
persion and a relatively high carbon content. The fractured 
surfaces of impact test specimens of Cl and C4 have shown 
the formation of dimples around inclusions (Fig. 4.3.17 and 
Fig. 4.3.18, respectively). The scale of melting operation 
being small the inclusions do not get adequate chance to 
float up. Since Ti is also a deoxidiser and sulphide modifi­
er new inclusions are also formed during dissolution of the 
master alloy. Effective removal from the liquid composite 
alloy prior to filling the mould may considerably reduce its 
inclusion content and improve the toughness.

189



190

Following major conclusions have been drawn from
the investigations on Tic reinforced steel composites,

a) It has been possible to prepare Tic reinforced steel 
composites by dissolution of Tic rich Fe-TiC master 
alloy in plain carbon and alloy steel melts in an 
induction furnace. The titanium content of the compos­
ites could be varied from 0.0028 to 0.7 wt pet by 
increasing the dose of master alloy addition. The 
recovery of titanium from the master alloy into the 
melt is of the order of 25 percent.

b) It is also possible to prepare a high titanium and high 
carbon steel composite with titanium recovery over 2 6 
pet by reacting a Fe-TiC master alloy with iron ore in 
an induction melting furnace.

c) Tic particles in the composites undergo coarsening as 
the normalising temperature is increased from 950 to 
1150°C. But austenite grain growth is restricted.

3) Ultimate tensile strength increases from 37 to 79 
kg/mm^ as the Ti content increases from 0.0028 to 0.3 
wt pet. Of course, the carbon content also increases 
simultaneously from 0.0538 to 0. 5877 wt pet due to 
incorporation of carbon from the master alloy. The low 
carbon, low titanium composites possess satisfactory 

toughness.

4.3.3. Conclusions
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4,4 WEAR CHARACTERISTICS OP TiC REINFORCED COMPOSITES

In this section the results of the abrasive and 
adhesive wear tests are presented followed by a discussion 
and conclusions.

4.4-1 Results

Abrasive and adhesive wear tests have been carried 
out by adopting pin on disc method. The abrasive wear tests 
were conducted by using the composites as a pin and allowing 
it to abrade against a rotating grinding (alumina) wheel 
under a specified load. In the case of adhesive wear the 
composite specimen pin was made to slide against a rotating 
hardened steel disc (hardness Rc 62) under a predetermined 
load.

The results of wear tests have been presented 
under separate heads as follows:

i) Metallurgical characteristics of TiC reinforced cast 
iron composites

ii) Metallurgical characteristics of TiC reinforced steel 

composites
iii) Abrasive wear characteristics of cast iron composites
iv) Adhesive wear characteristics of cast iron composites
v) Adhesive wear characteristics of steel composites, and
vi) Abrasive wear characteristics of steel composites

The details of the investigations are as follows:
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Metallurgical characteristics of Tic reinforced cast iron
composites.

TiC reinforced cast iron composites Bl, B5 and Bio 
were tested for abrasive wear. Chill cast specimens were 
used for the tests. Two standard chromium cast irons SI and
S2 were also tested to compare the wear data. The chemical 
composition of chromium cast irons are presented in Table
4.4.1.

The chemical composition of TiC reinforced cast 
iron composites have been presented in Table 4.2.1 and Table
4.2.2. The photomicrographs of TiC reinforced cast iron 
composites Bl and B5 are presented in Fig. 4.2,1, and Fig.
4.2.3. respectively. It may be noted from the microstruc­
tures that the composites contain mostly transformed auste­
nite (pearlite), eutectic carbide and dispersed TiC parti­
cles. The size distribution of TiC particles in the compos­
ites are presented in Table 4.2.5 to Table 4.2.8. The histo­
grams (Fig. 4.4.1 to Fig. 4.4.3) present carbide particle 
size distribution for composites Bl, B5 and BIO. It may be 
noted from the histograms that as the titanium content in 
the composites increases, the volume fraction of the coarser 
carbide particles also increases. A considerable number of 
Particles are below 8 urn (noted as undersize count).
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'Table 4.4.1
Chemical analysis of the standards used in wear tests 

Standard Wt pet
No. C Cr Mn Si Al Ti Cu Remarks

51 3.43 12.50 0.93 1.00 0.01 0.03
52 3.30 12. 00 2.45 0.98 0.01 0.03 300 ppm N
53 3.36 - 0.25 2.24 - - 0.945 P&S <0.02
54 0. 32 0. 66 0.70 0.39 <0.01 <0.01 0.02 0.27 Mo,

0.04 Ni, P&S 0.023 each.
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Adhesive wear test of Tic reinforced cast iron 
composites have been carried out for six specimens of dif­
ferent titanium contents, Five of them namely, B2, B3, B4, B6 
and B7 were normalised after soaking the composite specimen 
at 9 5 0°c for 4 hours. The composite specimen B12 was norma­
lised after soaking at 1000°C for 6 hours. The chemical 
composition of these composites have been presented in Table
4.2.1 and Table 4.2.2. A spheroidal graphitic cast iron (S3) 
sample was also tested for adhesive wear for the purpose of 
comparison. The chemical analysis of the SG iron (S3) is 
given in Table 4.4.1.

The photomicrographs of the composites B2, B3 and 
B7 are presented in Fig. 4.4.4 to Fig. 4.4.6. The micro­
structure of composites B4, B6 and B12 are presented in Fig.
4.2.2, Fig. 4.2.4 and Fig. 4.2.6, respectively. The micro­
structures show the presence of pearlite, eutectic carbide 
and graphite. The TiC is distributed in the pearlite matrix. 
It also remains entrapped in the eutectic carbide. The 
details of the microstructures of these composites are 
presented in Table 4.2.3. The histograms presenting carbide 
particle size distribution for composites B2, B3, B4, B6, B7 
and B12 are shown in Fig. 4.4.7 to Fig. 4.4.12. It may be 
seen from the figures that the counts for carbide particles 

below 8 ism are quite high.
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Fig.4.4.4 Cast iron composite B2, normalised 
from 950°C after 4 h soaking,
200 X.

Fig.4.4.5 Cast iron composite B3, normalised 
from 950°C after 4 h soaking,
100 X.



Fig.4 . i.6 Cast iron composite B7, normalised 
from 950°C after 4 h soaking,
200 X



V
ol

um
e 

pe
rc

en
t 

V
ol

um
e 

p
e

rc
e

n
t

Under size count=443
4 0  f----------- -— ---------------------------------------

3 0

20

10

Particle size range p m

Fig.4.4.7 Titanium carbide particle size distribution 

(Specimen B2),160X

Under size count=740
6 0  j----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

5 0  -  ______

4 0  -  

3 0  -

>
2 0  -  

10

Particle size range

Fig.4.4.8 Titanium carbide particle size distribution

(Specimen B3),160X



V
ol

um
e 

p
o

rc
e

n
t 

V
ol

um
e 

p
e

rc
e

n
t

200

30

25

20

15

10

5

O

35

Particle size range p m

Fig.4.4.9 Titanium carbide particle size distribution 

(Specimen B4),160X

Under size count=850

Under size count=553
40

30

2 0

10

A,** &&  £ 
&  &

&
& &

Particle size ra ng e  p m

Fig.4.4.10 Titanium carbide particle size distribution 

(Specimen B6),160X



V
ol

um
e 

pe
rc

e
n

t 
Vo

lu
m

e 
p

e
rc

e
n

t

201

Under size count = 282

Particle size ra nge  /jm

Fig.4.4.11 Titanium carbide particle size distribution 

(Specimen B7),160X

Under size count = 19l
30

25

20

15

10 r

&  N<b

Particle size range pm

Fig,4.4.12 Titanium carbide particle size distribution

(Specimen B12),80X



202

Metallurgical characteristics of Tie reinforced steel
composites

TiC reinforced steel composites C6 and C7 were 
tested for adhesive wear. The specimens were oil quenched 
after soaking at 950°C>foxi 3 0 minutes and then tempered at 
150 °C for 1 hour. The chemical analysis of the steel com­
posites are presented in Table 4.3.1. The microstructures of 
the composites C6 and C7 show the distribution of carbide 
particles in the pearlite matrix. A standard low alloy steel 
(S4) was tested for adhesive wear for comparison. The chemi­
cal analysis of the standard steel S4 is presented in Table
4.4.1. Prior to carrying out the wear test, the steel speci­
men S4 was also oil quenched after soaking at 950°C for 3 0 
minutes and tempered at 150°C for 1 hour.

The abrasive wear tests were carried out on Tic 
reinforced steel composites C6 and C7. These were normalised 
after soaking at 950°C for 2 hours. The composite C7 was 
tested in two heat treated conditions, namely, a) normalised 
condition (as mentioned above) and b) oil quenched and 
tempered condition (oil quenched after soaking at 950°C for 
30 minutes and tempered at 150°C for 1 hour).

Abrasive wear characteristics of TiC reinforced cast iron
composites :

The abrasive wear tests of composites Bl, B5 and 
Bl°, and those of two standard chromium cast irons were
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e v a l u a t e d  under identical condition. The tests were carried 
out under 0.5, 1.0 and 1.5 kg load corresponding to 4.9, 9.8 
and 14.7 N load on the composite pin. The sliding speed of 
each specimen was 133.5 m/min (2.2 m/sec). The test condi­
tion was one of high abrasion. The plots of wear rate vs 
sliding distance for composites Bl, B5 and BIO for applied 
loads of 4.9, 9,8 and 14,7 N are presented in Fig. 4.4.13 to 
Fig. 4.4.15. It may be seen from the plots that wear rate is 
low for composite B5 at loads of 9.8 and 14.7 N, while it is 
high for composite Bl. On the other hand wear rate is low 
for composite BIO at 4.9 N load, while it is high for com­
posite B5. The plots of cumulative wear vs sliding distance 
are presented at 4.9, 9.8 and 14.7 N load for composite 
specimens in Fig. 4.4.16 to Fig. 4.4.18. The plots have 
trends similar to those of wear rate vs sliding distance. 
Wear rate vs sliding distance plots for standard chromium 
cast irons SI and S2 are presented in Fig. 4,4.19 and Fig. 
4.4.20 for all the three loads. The plots of cumulative wear 
vs sliding distance for standard chromium cast irons SI and
S2 are presented in Fig. 4.4.21 and Fig. 4.4.22, respective­
ly- Comparing the wear data of TiC reinforced cast iron 
composites with those of standard chromium cast irons, it 
may be noted that wear rates are one order less for TiC 
reinforced cast iron composites. Table 4.4.2 indicates the 
hardness of the composite samples before and after the 
abrasive wear test. Composites Bl and BIO have shown an 
increase in hardness at the end of wear test whereas, com­
posite B5 has shown a slight decrease. The SEM photograph of
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Table 4.4.2
Hardness of composites tested for abrasive wear

Composite Initial Hardness after abrasive test 
No. hardness (VPN)

(VPN) 4.9 N Load 14.7 N Load

Bl 544 684 826
B5 679 620
BIO 578 802
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the abraded surface of composite B5 tested at an applied 
load of 14.7 N is presented in Fig. 4.4.23. It may be noted 
from the figure that the wear tracks are fairly uniform and 
are light. At some places pits are observed which may be due 
to the removal of coarse carbide particles. SEM photographs 
of the abraded surfaces of the composite B1 and BIO are 
presented in Fig. 4.4.24 and Fig. 4.4.25, respectively. The 
wear tracks are deep and at some places pits are observed. 
The abraded surface of composite B1 appear to be oxidised at 
some places (Fig. 4.4.24).

Adhesive wear characteristics of Tic reinforced cast iron 
composites

The adhesive wear tests of the six TiC reinforced 
cast iron composites namely, B2, B3, B4, B6, B7 and B12, and 
the SG iron S3 (taken as a standard for comparing data) were 
carried out on a pin-on-disc machine. The composite specimen 
pins were held against a rotating hard steel disc of Rc 62 
under loads of 6,8 and 10 kg corresponding to 58.8, 78.4 and 
98 N load, respectively- The rotation of the disc was kept 
constant at 600 rpm. The sliding speed of each specimen was 

m/sec. The plots of wear rate vs sliding distance are 
Presented in Fig. 4.4.26 to Fig. 4.4.28 for loads of 58.8, 
78*4 and 98 N for TiC reinforced cast iron composites. It 
Nay be seen from the figures that composites B4 and B12 have 
shown lower wear rates at all the loads. In case of compos- 
lte B12 initial wear rate decreases as the load increases.
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Fig.4.4.23 SEM photograph of the worn out
surface of cast iron composite B5 
(abrasive wear, 14,7 N applied 
load)

Fig.4.4.24 SEM photograph of the of the worn 
out surface of cast iron composite 
B1 (abrasive wear, 14.7 N applied 
load)



217

Fig.4.4.25 SEM photograph of the worn out 
surface of cast iron composite 
BIO (abrasive wear, 14.7 N 
applied load)
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At higher sliding distance the wear rate is considerably 
lower for composite B12 for higher loads namely, 78.4 and 98 
N . The composites B2, B3 and B6 have shown intermediate wear 
rates while composite B7 has shown higher wear rates at all 
the three loads. Wear rate of SG iron (standard S3) at 
different loads is shown in Fig. 4.4.29. The wear rates of 
standard specimen S3 is in general more than that of compos­
ites. The plots of cumulative wear vs sliding distance are 
presented in Fig. 4.4.30 to Fig. 4.4.32 for 58.8, 78.4 and 
98 N loads. The plots show similar trends as those of wear 
rates. It may be noted that cumulative wear is highest for 
standard S3 and has occurred over a short sliding distance 
compared to those of composites. The variation in co-effi­
cient of friction vs sliding distance has been plotted for 
composite specimens in Fig. 4.4.33 to Fig. 4.4.35 for 58.8,
78.4 and 98 N load. Figure 4.4.36 shows -the plots of co­
efficient of friction vs, sliding distance for standard 
specimen S3 at different loads. It may be noted from the 
figures that co-efficient of friction varies from 0.32 to
0,375 for composites B 2 , B3, B4 and B6 for all the loads 
while it varies from 0.4 to 0.45 for B7 and B12 at 58.8 and
78.4 N load. At a load of 98 N, the co-efficient of friction 
for* B7 and B12 varies between 0.45 and 0.52. The standard 
specimen S3 has shown a variation in co-efficient of fric­
tion between 0.275 to 0.35. The plots of co-efficient of 
friction vs sliding distance are not smooth. Fluctuations in

>
co-efficient of friction values can be noted in case of all 
specimens at all loads. Table 4.4.3 shows the hardness of
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Table 4.4.3
Hardness of composites tested for adhesive wear

(VPN)

Composite Initial Hardness after adhesive wear test
No. Hardness 58.8 N 78.4 N 98 N

Load Load Load

B2 286 333 326 292
B3 261 348 430 349
B4 205 404 436 577
B6 238 303 368 372
B7 304 341
B12 378 370 477
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composite samples before and after adhesive wear tests. 
Excepting composite samples B2 and B3, all other samples 
registered an increase in hardness after wear test at all 
the loads. Composite samples B2 and B3 have shown an in­
crease in hardness when wear tested at 58.8 and 7 8.4 N load 
and on the other hand they have shown a decrease in hardness 
when tested at 98 N load.

The abraded surfaces on some of the adhesive wear 
test specimens were examined under SEM. The SEM photographs 
of abraded surfaces of composites B2 , B3, B4 and S3 are 
presented in Fig.(4.4,37) to Fig. (4.4.40). From the figures
it may be seen that patches (may be due to oxidation) formed

:>

on the abraded surface. Microcracks are observed on the 
surfaces of specimen B3 (Fig. 4.4.38) and S3 (Fig. 4.4.40). 
SEM view of the debris formed during the adhesive wear of 
specimen B12 is shown in Fig. 4.4.41. SEM-EDAX analysis 
spectra (Fig. 4.4.42) of the debris show prominent peaks for 

Ti and Fe.

Adhesive wear characteristics of Tic reinforced steel 

composites

The adhesive wear test of TiC reinforced steel 
composite 06 and 07 were carried out under 2 kg load (19.6 
N) only. A standard Ni-Cr-Mo low alloy steel S4 was also 
tested for adhesive wear under identical condition for the 
Purpose of comparison. The speed of rotating hard steel disc 
was kept constant at 600 rpm. The sliding speed of each
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Fig.4.4.37 SEM photograph of the worn out
surface of cast iron composite B2 
(adhesive wear, 98 N applied 
load)

Fig.4.4.38 SEM photograph of the worn out
surface of cast iron composite B3 
(adhesive wear, 98 N applied 
load)



Fig.4.4.39 SEM photograph of the worn out
surface of cast iron composite B4 
(adhesive wear, 98 N applied 
load)

Fig. 4. 4. 4 0 SEM photograph of the worn out 
surface of SG iron S3 (adhesive 
wear, 98 N applied load)



Fig.4.4.41 SEM photograph of the debris of 
cast iron composite B12 
(adhesive wear)



2 3 5

Fig. 4.4.42 SEM-EDAX analysis specctra for debris of 

adhesive wear sample.
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specimen was 235.6 m/min (3.92 m/sec). Wear rate vs sliding 
distance plots for the composites and the standard are 
presented in Fig. 4.4.43. ,The plots suggest that the wear 
rate generally decreased as the sliding distance increased. 
The composite C6 showed low wear rates compared to those of 
composite C7 and the standard sample S4. A similar trend 
could be noticed in the plot of cumulative wear vs sliding 
distance in Fig. 4.4.44. The values of co-efficient of 
friction of the standard sample S4 and composites C6 and C7 
were comparable. A comparison of the SEM photographs of the 
worn out surfaces of specimen C6 (Fig. 4.4.45), C7 (Fig. 
4.4.46) and S4 (Fig. 4.4.47) show that the wear tracks are 
uniform and light in case of composite C6 while they are 
deep in case of composite C7. Pits and patches (may be due 
to oxidation) are observed on the wear surfaces of both the 
composite specimens and the standard. Cracks are observed on 
the surfaces of composite C7 and the standard S4.

Abrasive wear characteristics of Tie reinforced steel
composites

The TiC reinforced steel composite specimens C6 
and C7 were heat treated before the abrasive tests. The 
sliding speed of the test specimen was 133.5 m/min (2.22 
m/sec). Wear rate vs sliding distance plots are presented in 
Fig- 4.4.48 for 14.7 N load. It may be noted from the figure 
that the normalised sample of composite C7 recorded a lower 
wear rate than that of C6 (normalised) as well as C7 (oil
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Fig.4.4. 45 SEM photograph of the worn out 
surface of steel composite 06 
(adhesive wear, 19.6 N load)

Fig.4.4.46 SEM photograph of the worn surface 
of steel composite C7 (adhesive 
wear, 19.6 N load)



Fig.4.4.47 SEM photograph of the worn surface 
of low alloy steel S4 (adhesive 
wear, 19.6 N load)
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quenched and tempered condition). A similar trend is ob­
served in the cumulative wear vs sliding distance plots 
(Fig. 4.4.49). Wear rates vs sliding distance plots for com­
posite C7 (normalised) under loads of 4.9, 9.8 and 14.7 N, 
respectively are presented in Fig. 4.4.50. The plots show 
that there is a decrease in wear rate as the sliding dis­
tance increases under all the three loads. The wear rate is 
lower for the higher load and higher for medium load. A 
similar trend is observed when cumulative wear vs sliding 
distance is plotted in Fig. 4.4.51.

2 4 2
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Abrasive and adhesive wear tests have been carried 
out on both Tic reinforced cast iron and steel composites. 
Abrasive wear occurs when there is a friction between a 
material under stress and a harder body. Abrasive wear may 
be due to various mechanisms which cause surface destruc­
tion such as cutting, scratching and plastic deformation. 
Adhesive wear occurs when two solid bodies are in contact 
and at least one of them is moving. The stress on the body 
and surface contact results in mating of surface asperities. 
The mating asperities are known to flow plastically and form 
strong work hardened junctions. As these break under an 
imposed tangential traction, material loss from solid may 
occur. This type of wear is known to occur in braking or 
clutch mechanisms.

Abrasive and adhesive wear tests have been carried
out on both TiC reinforced cast iron and steel composites by 
pin-on-disc method. In the case of abrasive wear tests, loss 
in weight of the specimen was determined by interrupting the 
tests at regular intervals of time to assess the wear and 
subsequently cumulative wear as well as wear rates were 
computed. The decrease in specimen length and tangential 
force were noted with the help of electronic sensors at­
tached to the adhesive wear test unit. The cumulative wear, 
wear rates and co-efficient of friction were computed. The 
abraded surfaces of a few representative composite specimens

4.4.2 Discussion



were examined in scanning electron microscope to assess the 
nature of wear. The titanium carbide particle size distribu­
tion of composites are ,presented in the form of histograms. 
The volume percent of graphite present in cast iron compos­
ites have been determined.

The results mentioned on wear characteristics of 
both TiC reinforced cast iron and steel composites are the 
trends. The absolute values may vary due to intrinsic inho— 
mogeniety of the cast composite. The experimental results on 
wear tests are discussed.

Abrasive wear characteristics of Tic reinforced cast iron
composites.

The plots of abrasive wear rate vs sliding dis­
tance for TiC reinforced cast iron composites in as cast 
condition for various applied loads are presented in Fig. 
4.4.13 to Fig. 4.4.15 and show that at higher applied loads 
namely, 9.8 and 14.7 N, the wear rates are low for composite 
B5, whereas it is high for composite Bl. A clear picture 
emerges when the wear rates of the composites are observed 
at different sliding distances and applied loads (Table 
4.4.4). it may be seen from the Table that at any given 
sliding distance, composite B5 shows a decrease in wear rate 
as the applied load is increased. On the other hand compos­
ites Bl and BIO show higher wear rates at 9.8 N applied load 
where as low wear rates are observed for the composites at 

and 14.7 N applied load. The composite BIO shows lower

2 4 7



24 8

Table 4.4.4
Abrasive wear rate for TiC reinforced cast iron 

composites at different sliding distance.

Sliding distance — > 20
Composite Wt Pet 

No. Ti C

Wear rate 
x 133.5m 40

(g/N/m) x 10 7 
x 133.5m 60 X 133.5m

4.9 N load
B1 1.48 2.78 4 . 6 4.6 5.2

B5 3.11 3.12 29.0 21.7 16.8

BIO 5.62 4.78 4.6 3.0 2 .8
9.8 N load

B1 23.6 20.5 16.8

B5 5.1 3.2 3.5

BIO 14.5 10.1 7.9

’ 14.7 N load

B1 14.2 9.7 NA

B5 4.3 3.2 2.8

BIO 4,6 5.4 4.9



wear rates at 4.9 N applied load. There is a sharp increase 
in wear rates of composite Bl as the applied load is in­
creased from 4.9 N to 9.8 N. In general, there is a decrease 
in wear rates for all the composites as the sliding distance 
is increased.

The initial increase in wear rates of the compos­
ites may be due to wearing of the softer matrix. As the 
sliding distance increases, the exposed TiC particles par­
tially support the applied load. The carbide volume percent 
increased as the titanium content in the composite is in­
creased. It may be seen from Table 4.2.1 and Table 4.2.2 
that composites Bl, B5 and BIO contain 1.48, 3.11 and 5.82 
wt pet Ti respectively', indicating composite BIO is having 
higher volume percent of TiC compared to composite Bl and 
B5. The abrasive wear resistance increases with an increase 
in carbide volume percent [107]. This however, is not true 
for all types of abrasive wear. Some times, abrasive wear 
conditions have been classified as "low stress 1 and "high 
stress' abrasion. The term 'high stress' abrasion refers to 
a case where the reinforcement fragments under the applied 
normal load and increase the wear rate. At "low stress' 
abrasive conditions there is no fragmentation of reinforced 
particles. The improvement in wear resistance property of 
composite BIO for an applied load of 4.9 N is likely to 
correspond to the low stress abrasive condition. The in­
crease in wear rates for composite BIO at an applied load of 
9*8 n may correspond to a change of low stress abrasive

249
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condition to that of high stress one. The carbide particle 
size is also equally important in addition to carbide volume 
percent present in composites as it influences the wear 
resistance property [108]. The histogram (Fig. 4.4.3) for 
composite BIO show that carbide particles over 45.25 fj,m size 
constitute around 55 percent of the total particle volume. 
The coarser particles are likely to fragment more easily 
than finer carbide particles under high stress abrasive 
condition. The decrease in wear rates of composite BIO at an 
applied load of 14.7 N may be due to transformation of phase 
as well as heavy plastic deformation of the matrix. Table
4.4.2 shows the hardness values of composites in the as cast 
condition as well as at the end of abrasive wear test. Both 
samples of composites Bl and BIO registered an increase in 
hardness which indicates work hardening.

The composite Bl having 1.48 wt pet Ti has a low 
volume percent of TiC particles. The histogram (Fig. 4.4.1) 
for composite Bl shows the presence of a large number of TiC 
particles below 16 pm. The volume percent of carbide parti­
cles being low, the wear rates are high at 9.8 and 14.7 N 
applied loads. Such a behaviour of a composite is expected. 
The decrease in the wear rate of composite Bl under 14.7 N 
load compared to that under 9.8 N load may be due to phase 
transformation. The microstructure of the abraded surface of 
composite Bl after test under 14.7 N load show the presence 
of tempered martensite (Fig. 4.4.52, approximately 495 VPN). 
Such phase transformations have been observed by other



Fig.4.4.52 Abraded surface of cast iron 
composite B1 showing tempered 
martensite (495 VPN), 500X
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investigators while examining steels [109] after abrasive 
t e s t s .  The composite has shown higher wear resistance 
properties at 4.9 N applied load.

The composite B5, containing 3.11 wt pet Ti exhib­
ited higher wear resistance than composites Bl and BIO under
9.8 and 14.7 N applied load. In this sample Tie particles 
below 16 /xm size constitute nearly 90 percent of the total 
particle volume (Fig. 4.4.2). The under size particle count 
below 8 fxm is also large (Fig. 4.4.2). No perceptible change 
in the hardness of the wear surface was noted, which means 
that workhardening or transformation hardening phenomena did 
not make any appreciable contribution towards the wear 
resistance of composite B5. Therefore the superior abrasive 
wear resistance of composite B5 under 9.8 N and 14.7 N loads 
appears to be due to uniform distribution of a larger volume 
of finer size carbide particles in this composite. Smaller 
size particles ensure higher bond strength between the 
particle and the matrix and provide a larger area for shar­
ing the applied load. However, the particles should not be 
so small in size that they are removed when scratches are 
made during abrasive wear [108]. The sharp increase in wear 
rates of composite B5 under low load of 4.9 N may correspond 
to a low stress abrasive wear condition. Hosking et al., 
[85] while studying the effect of particle size of alumina 
in A1-A120 3 composite for abrasive wear test have shown that 
a composite containing ~ 142 /im A12°3 showeci better wear 
resistance properties over a composite containing 16 /im
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^ 2° 3 * Th:*“s i-nci:i-cates that at low stress abrasive conditions 
carbide particles do not fragment and improve wear resist­
ance properties. In composite B5 wear resistance did improve 
at low stress abrasive condition because most of the TiC 
particles were in the finer range.

The comparison of wear data of TiC reinforced cast
4

iron composites with those of standard chromium cast iron 
specimens (SI and S2) show that composites have better wear 
resistance properties. The wear resistance properties of 
composite BIO at an applied load of 4.9 N and composite B5 
at an applied load of 9.8 N and 14.7 N are superior to those 
of plain and nitrogenated chromium cast irons at least by 
one order of magnitude. This may be due to higher hardness 
values of TiC reinforced particles in cast iron composites 
over those of chromium carbide and nitride particles in 
chromium cast irons [110, 111]. Khrushov [112], has shown 
that higher is the hardness of reinforcing material, higher 
is the wear resistance property.

Adhesive wear characteristics of Tic reinforced cast iron 

composites

Adhesive wear tests on TiC reinforced composites 
B2, B3, B4, B 6 , B7 and B12 were carried out along with a 
standard spheroidal graphitic cast iron S3 to compare the 
data. The plots of wear rate vs sliding distance for compos­
ites have been presented in Fig. 4.4.26 to Fig. 4.4.28 for 
58.8, 78.4 and 98 N applied load. Table 4.4.5 shows wear
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Adhesive wear rate for TiC reinforced cast iron 
composites at different sliding distances.

Wear rate ( Al/N/m) x 10~10 
Sliding distance — > 20 x 330m 60 x 330m 100 x 330m
Composite Wt Pet Vol Pet 

No. Ti C Graphite

Table 4.4.5

58.8 N load
B2 1.48 4 .90 1. 61 12.6 13 .7 14.5
B3 1.98 3 .52 1.75 14.7 14.8 14 .8

B4 2.27 3 . 65 1.33 4.8 7 . 6 8.0

B6 3 . 61 3 .43 2.97 13.5 15.2 15.5
B7 4 . 17 3.86 1.88 43.5 41.0 40.4

B12 10. 86 5.72 12.42
78.4

42.0 
N load

14.5 9.5

B2 13.3 14.6 15.2

B3 14.3 15.4 15.8

B4 8.2 7,6 8.0

B6 15.8 16.7 17.0

B7 24.4 30.9 33.6

B12
98

9.0 
N load

4.6 4.6

B2 12.8 13 . 5 13.8

B3 12.4 13.8 15.2

B4 9.0 7 . 8 7.1

B6 14.8 17.5 17. "i

B7 29.5 27.2 NA

B12 3.8 1.8 1.'
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rates of composites at different sliding distances for 
different applied loads. It may be seen from the Table that 
composite B4 for 58.8 N 1and composite B12 for 78.4 N and 98 
N applied loads have shown low wear rates. There is a de­
crease in wear rates as sliding distance and applied load 
increases in the case of composite B12. The composite B12 
contains 10.86 wt pet Ti, 5.72 wt pet C and 12.42 volume 
percent graphite, which means the TiC content is high com­
pared to other composites as they contain lower amounts of 
Ti (Table 4.2.1 and Table 4.2.2). It is often reported that 
as the volume percent of reinforced particles increases 
there is a decrease in wear rates [85] . Further, the compos­
ite B12 contains 12.42 volume percent graphite. Many inves­
tigators have shown an improvement in wear resistance 
properties in graphite dispersed alloys [88, 113, 114], as 
graphite is a solid lubricant. Thus composite B12 show 
better wear resistance properties due to the presence of 
high volume percent carbide and graphite particles. The 
initial high rates of wear in composite may be due to remov­
al of graphite under an applied load. Once the graphite is 
removed the TiC particles stand in relief and carry partial­
ly the applied load. The histogram for composite B12 
(Fig. 4.4.12) shows an uniform increase in particle size 
count (volume percent) as the particle size range increases. 
It is known from earlier investigator on TiC reinforced 
steel matrix composite [91] that the wear rates decrease
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with increasing volume fraction of carbide, decreasing 
carbide particle size and their spacing.

The composite B4 has shown lower wear rates for
58.8 N applied load and there is an increase in wear rates 
as the sliding distance increases. The difference in wear 
rates at 100 x 330 m sliding distance for composites B4 and 
B12 is very marginal. The composite B4 contains 2.27 wt pet 
Ti, 3.65 wt pet C and 1.32 volume percent graphite. The TiC 
particle size distribution of composite B4 (Fig. 4.4.9) show 
an uniform increase in particle count as size range in­
creases. As the TiC content is lower the wear rate increases 
for 78.4 and 98 N applied load.

The composites B 2 , B3 and B6 have shown more or 
less same wear rates [Table 4.4.5]. The wear rates increase 
slightly as the sliding distance increases at all the three 
applied loads. Over 80 percent of the total TiC particles is 
below 22.62 jum size in composites B2, B3 and B6 (Fig. 
4.4.7, Fig. 4.4.8 and Fig. 4.4.10, respectively). Thus, the 
finer distribution of the particles in composites may be 
responsible for uniform wear rates at all applied loads and 
sliding distance. The wear rates of these composites are 
intermediate between the low wear rates of composites B4 and 
B12, and the high wear rates of composite B 7 .

The composite B7 suffered wear at very high rates 
at all the three applied loads [Table 4.4.5]. Its wear rate 
decreased to some extent with increase in the sliding
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distance at 58.8 N and 98 N applied loads. Under a higher 
load of 78.4 N its wear rate continue to increase with the 
sliding distance. The composite contains 4.17 wt pet Ti, 
3.86 wt pet C and 1.88 volume percent graphite. The histo­
gram (Fig. 4.4.11) show over 90 percent of total particle 
volume have TiC particles above 22.62 /xm size. The under 
size count of particles is also low. Though, the TiC volume 
percent is moderately high, the presence of coarse particles 
in large number resulted in high wear rates.

The wear rates of a standard spheroidal graphitic 
iron S3 is shown in Fig. 4.4.29 as a function of sliding 
distance for various applied loads. The wear rates increase 
as the sliding distance and applied load increases. The wear 
rates are at least one order more when compared with those 
of TiC reinforced cast iron composites. The SEM photograph 
of the worn out surface of a sample of S3 (Fig. 4.4.40) show 
widely spaced wear tracks and a few micro cracks. The pre­
dominant nature of wear appears to be rubbing.

The plots of co-efficient of friction vs sliding 
distance for composites are shown in Fig. 4.4.33 to Fig. 
4.4.35 for 58.8, 78.4 and 93 N applied loads. A similar plot 
for standard S3 is shown in Fig. 4.4.36 for all the three 
applied loads. A lot of fluctuations in the values of co­
efficient of friction may be noted. A possible explanation 
for such fluctuations in the co-efficient of friction values 
has been suggested on the basis of a stick — slip mechanism



[115]. As the asperities adhere during the wear, the moving 
parts stick leading to a high value of friction. As the 
junction ruptures under applied load the friction tends to 
be zero. Thus the adhesion of asperities followed by rupture 
of the interface leads to a process of "stick-slip1.

It is important to note that "wear resistance1 is 
not a materials property [116], The rates of wear when two 
bodies are sliding against each other depend not only on the 
properties of the materials involved but also on the geome­
try of contact both on gross scale and fine scale, on the 
velocity of sliding, the ambient temperature and environ­
ment, presence of lubricants, applied load etc. Thus, it is 
difficult to attribute a single mechanism operating for wear 
of a component.

The TiC reinforced cast iron composites which 
contain graphite can be grouped under self lubricating metal 
base materials [117]. The adhesive wear resistance of com­
posites improve when they contain TiC particles of various 
size fractions with an emphasis on the presence of finer 
particles (composites B12 and B4) along with graphite. 
Presence of very fine TiC particles alone does not seem to 
improve the wear resistance properties (composites B2, B3 
and B6) significantly. On the other hand, the composite B7 
which contains very coarse TiC particles had undergone wear 
at high rates at all the three applied loads. SEM-EDAX 
analysis of wear debris (Fig. 4.4.42) has shown presence of 
both Ti and Fe. This indicates that, there is chipping of
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Tic particles and ploughing of iron matrix during the wear.
SEM photographs of abraded surface (Fig. 4.4.37 to Fig. 
4,4.40) have shown presence of pits which may be due to 
chipping of Tie particles. The initial hardness values of 
composites when compared with those at the end of wear tests 
show in general an increase (Table 4.4.3) indicating the 
process of plastic deformation and extent of work hardening. 
Examination of the abraded surfaces of a few representative 
samples have shown the formation of tempered martensite. 
Thus the net wear resistance of the composites is derived 
from the combined effect of the presence of hard TiC wear 
resistant particles, the lubricating effect of the graphite 
phase and the process of work hardening and phase transfor­
mation at a given applied load.

The magnitude o f .the co-efficient of friction is 
said to be an indicator of the wear resistance properties. 
Generally, wear resistant materials show low values of co­
efficient of friction [91]. The composite B12 which had 
shown better wear resistance properties, had a co-efficient 
of friction varying from 0.425 to 0.5 only as the applied 
load was increased from 58.8 N to 98 N. This is contrary . 
the results of many investigators on self lubricating mate­
rials tested under dry sliding [109, 114, 118]. Some excep­
tions to this do exist and such a behaviour is explained as 

follows.
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During adhesive wear the stress on body and sur­

face contact results in mating of surface asperities. The 
breaking of each junction will result in a resistance compo­
nent to sliding and may not detach from the metal surface 
giving a wear debris. It'may simply mean that as the junc­
tion breaks, it remains attached to the metal surface as 
microscopically rough area or if plastic, may be just 
smeared over the metal surface [119] and this increases the 
co-efficient of friction. The SEM photographs of the abraded 
surfaces of composites show some oxide patches (Fig. 4.4.37 
to Fig. 4.4.39) which probably formed by localised oxidation 
of such smeared layers. In the case of spheroidal graphite 
iron, S3 the co-efficient of friction has shown a decrease 
as the applied load is increased from 58.8 N to 98 N. On the 
other hand wear rate has also increased as the applied load 
is increased from 58.8 N to 98 N. Thus, a decrease in co­
efficient of friction does not necessarily mean high wear 
resistant properties.

Adhesive wear characteristics of TiC reinforced steel 

composites

The adhesive wear tests of TiC reinforced steel 
composites C6, C7 and a standard low alloy steel S4 have 
been carried out at 19.6 N applied load. The plot of wear 
rate vs sliding distance for the composite samples as well 
as the standard sample are presented in Fig. 4.4.43. Table 
4.4.6 shows wear rates at different sliding distances. It 
may be noted from Table 4.4.6 that wear rate decreases as
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Table 4.4.6
Adhesive wear rate for Tic reinforced steel 
composites at different sliding distance.

Sliding
Composite

No.

Wear rate 
distance — >

(Al/N/m) 10~10 
20 X 330m 40 X 3 3 0m 60 X 330m

C6 5.8 4.8 4 . 2
C7 11.8 CO 5.0

S4 12.7 9.2 7.8
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the sliding distance increases. The composite C6 has shown 
lower wear rates. The composite C6 contains a higher volume 
percent of TiC (0.71 wt pet Ti) compared to that in compos­
ite C7 (0.14 wt pet Ti), Skolianic et al., [91] have shown 
that as the volume percent of carbide increases the wear 
resistance property improves. The wear resistance properties 
of composite C6 is nearly twice that of low alloy steel S4. 
The reinforcing component in steel composite, namely TiC, is 
harder than chromium carbide present in the low alloy steel 
S4 . The SEM photographs of the abraded surfaces of the 
composite C6 and C7 show pits, microcracks and oxide layer 
formation (Fig. 4.4.45 and’ Fig. 4.4.46). It appears that 
heavy plastic deformation caused cracking and cracks propa­
gated upto the surface. When the cracks propagate, TiC 
particles are loosened and then are pulled out. The pits ob­
served in SEM photographs (Fig. 4.4.45 and Fig. 4.4.46) also 
suggest such a possibility. The presence of cracks and oxide 
layers in the abraded surface of standard S4 (Fig. 4.4.47) 
indicate that the basic wear mechanism in this steel is 
similar to that in TiC steel composites. The values of co­
efficient of friction fqr steel composites and standard Ni- 
Cr-Mo low alloy steel are comparable.

Abrasive wear characteristics of Tie reinforced steel

composites

Abrasive wear test was carried out on Tic rein 
forced steel composites C6 and C 7 . The composite C6 was



tested in normalised condition and composite C7 was tested 
in both normalised as well as oil quenched and tempered 
condition. The plot of wear rate vs sliding distance for the 
composites is presented in Fig. 4.4.48. Table 4.4.7 shows 
the wear rates at different sliding distances. It may be 
seen from the Table that wear rate decreases as the sliding 
distance increases. The normalised sample of composite C7 
recorded a lower wear rate compared to those of composite 
C6 (normalised) and composite C7 (quenched and tempered). 
The abraded surface of the normalised sample of composite C7 
had undergone hardening while the microhardness of the 
normalised sample (C7) surface increased from 300 VPN to 367 
VPN after wear test, that of the oil quenched and tempered 
sample (C7) increased from 467 VPN to 722 VPN. Such a large 
increase in hardness of composite 07 (oil quenched and 
tempered) is most probably the consequence of stress induced 
transformation of the retained austenite to martensite. But 
such transformation in a thin volume of material is also 
likely to produce microcracks due to expansion. TiC parti­
cles are loosened and detached by propagation of these 
microcracks. Hence, the material showed poorer wear resist­
ance .

Fig. 4.4.50 shows wear rate vs sliding distance 
for composite C7 (normalised) under applied loads of 4.9,
9.8 and 14.7 N. The composite C7 shows better wear resist­
ance at 14.7 N applied load a condition probably that of 
high stress abrasive wear. As explained in the preceding
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Table 4.4.7
Abrasive wear rate for TiC reinforced steel 
composites at different sliding distance

Sliding distance---> 20
Composites

Wear 
x 133.5m

rate (g/N/m) 
40 x 133.5m

X 10 6 
60 x 133.5m

C6 2.25 1.95 1.75
C7 1.35 1. 15 0.95
C7 Oil quenched 1.95 1.55 1.45



paragraph composite C7 had shown better wear resistant 
properties due to work hardening and phase transformation.

4,4.3 Conclusions

The following conclusions may be drawn from the 
study on abrasive and adhesive wear characteristics of Tic 
reinforced cast iron and steel composites.

1. Titanium content and TiC particle size distribution in 
cast iron composites influence the abrasive wear re­
sistance property appreciably.

2. Under low stress abrasive wear condition ,<xcast iron 
composite containing high titanium (5.82 wt pet) and 
coarse Tie particles possess better wear resistance 
than 12 wt pet Cr cast irons. On the contrary, compos­
ites containing medium amount of Ti (3.11 wt pet) with 
fine TiC particle size distribution perform better 
under high stress abrasive wear condition.

3. Adhesive wear of TiC reinforced cast iron composites 
depend both on the amount of titanium present and the 
volume percent of graphite. The particle size distribu­
tion of TiC in cast iron composites play an important

«
role.

4. Composite containing a high amount of titanium (10.86 
wt pet) and a high volume percent (12.42 percent) of 
graphite possess better adhesive wear resistance than
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composites containing a low amount of titanium and a 
low volume percent of graphite.

The pattern of variation of the co-efficient of fric­
tion of cast iron composites suggest that a "stick and 
slip1 mechanism operates during the adhesive wear of 
cast iron composites. The co-efficient of friction 
values for cast iron composites are more than those of 
a standard spheroidal graphitic iron.

Debris of cast iron composites show the presence of 
titanium indicates the fragmentation and loosening of 
TiC particles.

The wear rates of spheroidal graphitic iron are more 
than those of cast iron composites under identical 
loads.

A TiC reinforced plain carbon steel composite has shown 
better adhesive wear resistance to TiC reinforced alloy 
steel composite and low alloy steel specimen.

The abrasive wear resistance of a TiC reinforced alloy 
steel composite in the normalised condition is superior 
to that of same steel composite in the oil quenched and 
tempered condition as well as to that of a plain carbon 
TiC reinforced steel composite in the normalised condi­

tion.
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GENERAL DISCUSSION 
AND CONCLUSIONS
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The present investigation was designed, to produce 
TiC-reinforced cast iron and steel composites through a 
novel route. Scientific interpretation of the metallurgical 
characteristics of the TiC reinforced cast iron and steel 
composites have been provided in the earlier Chapters. In 
this Chapter, an attempt is being made to analyse and dis­
cuss the technological aspects of preparation and applica­
tion of TiC reinforced ferrous composites. The results of 
the investigation suggest that TiC-reinforced composites

y
can, in fact, be produced by plasma smelting of ilmenite 
ore. This process would offer several advantages over the 
conventional powder metallurgy route of TiC-reinforced fer­
rous composite preparation. The most important advantages 
are the following I—

1. This is a single stage process starting from the ore.
2. The melting and casting route offers the prospect of 

preparing shaped castings.

However, the exercise also exposed the limitations 
of the smelting-casting route. It has been repeatedly ob­
served during the present investigation that the fluidity of 
the composite melt depends very much on the Ti and C con­
tents. TiC is a refractory compound and it has very little 
solubility in liquid iron. It may therefore, be usually 
assumed that most of the TiC particles remain in suspension

5.1 GENERAL DISCUSSION
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in liquid iron. The fluidity of the melt therefore depends 
very much on the overall Ti and C percentage or in other 
words, on the volume percent of Tic particles. For optimum 
fluidity, the maximum Ti and C contents may be respectively 
8-10 wt pet Ti and 3-4 wt pet C only. Therefore, castings 
containing TiC particles produced through this route is 
likely to toe suitable for the manufacture of wear resistant 
components. When the melt is impregnated with a high volume 
fraction of Tie, it loses its fluidity and casting becomes 
difficult. Moreover, the Tic particles also become coarse. 
Therefore, the smelting and casting route is suitable only 
for the preparation of Tic reinforced ferrous composites 
with a relatively low volume fraction of TiC.

The tribological properties of the composites have 
been found to be quite attractive. The results indicate that 
the cast iron composites may be judiciously used for both 
adhesive and abrasive wear resistant applications. For 
applications involving adhesive wear, annealed or normalised 
samples having sufficient amount of free graphite along with 
finely dispersed TiC particles appear to be the most suit­
able. On the other hand, a chilled matrix in which TiC 
particles are also dispersed offers better resistance to 
abrasive wear. Thus the same cast iron many be utilised for 
both adhesive and abrasive wear applications by simply 
selecting the appropriate microstructure and heat treatment.
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The present, study has also highlighted the impor­

tance of Tic particle size distribution and volume fraction.
It may be interesting to note that minor pick up of magnesi­
um or zirconium into the melt from the crucible lining also 
had its own effect in the Tic particle size distribution and 
graphitisation kinetics. Although this aspect has been 
noted, the mechanisms involved has not been completely 
elucidated in the present study. Further work needs to be 
carried out to develop a complete understanding of the 
phenomena involved.

Carbothermic reduction of ilmenite in a graphite 
crucible, however, does not permit the preparation of TiC 
reinforced steel composites by a single stage smelting 
operation, due to the inevitable pickup of carbon. TiC 
reinforced steel composites were, therefore, prepared by 
adding a master alloy containing TiC to liquid steel. Al­
though composites were successfully produced by this tech­
nique, the difficulties involved need to be analysed. From 
the data on Ti recovery, it is apparent that the major part

j
of Tie is lost presumably by oxidation before incorporation 
into the melt. Secondly, there is carbon pick up from the 
master alloy and hence the matrix carbon content also 
r,,ises. There is, therefore, scope for further improvement 
in the process technology in the future work. However, in 
spite of such limitations in the production technique, the 
author believes that the wear resistant properties of TiC



reinforced steel composites have been adequately focussed 
through the present study. The forged TiC reinforced steel 
composites performed better than a quenched and tempered low 
alloy steel even in abrasive wear situations.

The following major conclusions may therefore be 
drawn from this work :

5.2 MAJOR CONCLUSIONS
1. TiC reinforced cast iron composites may be conveniently 

produced by the carbothermic reduction of ilmenite ore 
in a bed of steel scrap in a plasma reactor. However, 
the Ti and carbon contents in such composites needs to 
be restricted to 8-10 wt pet Ti and 3-4 wt pet C, re­
spectively, to ensure flowability of the melt from the 
furnace. Composites with5higher Ti and carbon contents 
can not be cast.

2. TiC reinforced cast iron composites possess attractive 
wear resistance property. The extent of wear resistance 
depends on both TiC particles size and volume fraction 
and the matrix structure, which are influenced by the 
pick up of Mg and Zr from the furnace lining, the 
cooling rate and by heat treatment.

3. steel based composites may also be prepared by impreg­
nating liquid steel melt with TiC rich Fe-TiC master 
alloy. Although the recovery of TiC in this process is 
low, the steel based composites possess attractive wear 

resistance and mechanical properties.
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APPENDIX - I

Thermodynamic calculations for reduction of ilmenite
are p r e s e n t e d  in this Appendix.

FeTi03 (s) + 3 C (s) = Fe (s) + Ti (s) + 3 CO (g) .„..(l)
G°t = 202,968.3 - 117.56 T Cal 

Hence, G°T = 0  at T = 1726.5 K 

G 2000 ~ — 32.15 ]c Cal

FeTi03 (s) + 4 C (s) = Fe (s) + TiC (s) + 3 CO (g) .... (2)
G°t - 158,3 68.3 - 114.4 T Cal 

Hence, G°T - 0 at T = 1384 . 3 K

G ° 2 0 0 0 = - 7 0 ’4 k c a l

3FeTi03 (s) + TiC (s) = 3 Fe (s) + 4 Ti02 (s) + CO (g) .(3)
G°t = - 6728.3 1 - 21.12 T Cal 

Hence, g°t = o well below room temperature

It may be seen from reactions represented by Eq. [1] 
and Eq. [2 ] that the formation of carbide is favoured over ele­
mental metallisation. The carbide - oxide reaction represented by 
e<3- [3] shows that reaction product is titanium dioxide. Thus, 
the thermodynamic calculations on reduction of ilmenite by carbon 
as a reductant have shown similar trend to those of titanium 
dioxide reduction described in section 4.1.2
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