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The major thrust underlying the processing of Fe-based composites has been directed
towards improving the wear resistance of steel or cast iron by incorporating some
reinforcing phase, e.g., carbides, oxides, etc. The present article provides a review on the
various synthesis routes of TiC reinforced Fe-based composites, i.e., powder metallurgy,
conventional melting and casting, carbothermic reduction, combustion synthesis,
aluminothermic reduction, electron beam radiation, laser surface melting, and plasma
spray synthesis, highlighting the advantages and disadvantages associated with the
different routes of synthesis. C© 2002 Kluwer Academic Publishers

1. Introduction
Composite materials evolve from the idea of combining
two basically dissimilar materials with different phys-
ical and mechanical properties to arrive at a product
whose final properties are superior to those of the in-
dividual components. Composite materials have prob-
ably being used since biblical times when man made
houses out of mud reinforced with straws. Over the
years people have modified the matrix as well as the
reinforcement according to their need. The matrix of a
composite can be either polymer, metal, or ceramic.
Although major applications of composite materials
have involved resin-based composites, metal matrix
composites (MMC) have also steadily found applica-
tions in many areas, especially for high temperature
applications. The reinforcement of metals with ceram-
ics causes an increase in strength, stiffness, wear re-
sistance, high temperature strength, and a decrease in
weight.

Although most of the work on MMC is centered on
light metal alloys to improve upon their strength and
stiffness, there is also considerable interest in devel-
oping Fe-based MMC’s. Iron matrix composites have
gained attention essentially for wear resistant applica-
tions. Iron and its alloys, as engineering materials, are
yet to be displaced from the top slot by polymers, ce-
ramics, or other metals in terms of volume of consump-
tion; thus it becomes imperative to further improve their
properties. Achieving the same by ceramic particle re-
inforcement is possible and has been proved [1–3]. The
common ceramic materials used for reinforcing Fe ma-
trices are Al2O3, ZrO2, TiN2, Si3N4, TiC, B4C, VC etc.
Among them TiC has proved its suitability in Fe or Fe
base alloys due to its high hardness, good wettability,
low density, and its chemical stability with Fe-based
matrices [4, 5]. However, it is the economy of process-
ing the composite that will decide if it is able to compete
against the wide range of steels already available in the

market. As material designers are in constant search
for noble and economical synthesis route, the various
routes of synthesis of TiC reinforced Fe-based com-
posites have been evolving over the years gradually.
The present article provides a review on various syn-
thesis routes of Fe-TiC composites, with emphasis on
advantages and disadvantages associated with different
methods.

2. Routes of synthesis
Various routes that have been used in synthesizing
Fe-TiC composites are

(i) Powder metallurgy route
(ii) Conventional melting and casting route

(iii) Carbothermic reduction route
(iv) Combustion synthesis route
(v) Aluminothermic reduction route

(vii) Electron beam radiation/laser surface melting/
plasma spray synthesis route

2.1. Powder metallurgy route
Powder metallurgy route has been used widely to
produce TiC reinforced Fe-based composites because
[6, 7]

(i) These materials are difficult to fabricate by the
conventional liquid processing route owing to the high
processing temperature involved.

(ii) It offers the possibility of using a wide range of
reinforcement volume fraction and size.

(iii) It also ensures a homogeneous distribution of
reinforcements in the matrix material.

(iv) A high dislocation density, a small subgrain size
and limited recrystallization can be obtained through a
PM route, resulting in superior mechanical properties.
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T ABL E I List of some commercially available Fe-TiC composites

Trade name Composite Manufacturer Processing method

FERROTiC TiC/hardenable tool, stainless, or alloy steel Alloy Technology Inc. (USA) Vacuum sintering at 1500◦C
TiCALLOY TiC/heat treatable alloy steel matrix Seilstorfer (Germany) Hot isostatic pressing
FERROTITANIT TiC/high alloy steel Thyssen (Germany)

T ABL E I I Fe-TiC composites developed by M/s. Alloy Technology Inc., USA

Grade Carbide (vol%) Matrix alloy type Remarks

CM 45 High chrome tool steel Good temper resistance, wear parts or general purpose tooling and heavy forming upto 600◦C
C 45 Medium alloy steel Tools, dies and wear parts. Excellent dampening in annealed condition
SK 40 Hot work tool steel Good thermal shock and impact resistance, hot work applications,

cold heading dies and hammers
CS-40 45 Martensitic stainless High hardness with corrosion resistance of 400 series stainless steels
J 40 High speed steel Good resistance to high temperature for elevated temperature tooling upto 730◦C
S-45 45 Austenite stainless steel Excellent corrosion resistance of 300 series stainless steels

Iron-based TiC reinforced composites, which are com-
mercially available (Table I) [8] are produced through
a powder metallurgy route. Table II gives the details
of the different types of Fe-based composites produced
by Alloy Technology Inc. (USA) [9]. Among the pow-
der metallurgy routes, hot isostatic pressing (HIPing)
is used more frequently, since it produces more homo-
geneous material compared to its corresponding cast
grades, which in turn improves the fracture properties
[2, 10]. It can also produce a near net shape product,
which is otherwise difficult to produce due to the prob-
lem that arises during machining and trimming of a
very hard material. It can also produce fully densified
material.

Pagounis, Talvitie and Lindroos [1, 2, 6] worked ex-
tensively on TiC reinforced white Fe matrix/tool steel
matrix composites produced by hot isostatic pressing.
In order to assess the influence of the reinforcement vol-
ume fraction on the microstructure and abrasion resis-
tance of white Fe matrix composites, high-Cr white Fe
powder was mixed thoroughly with 10, 20 and 30 vol%
stoichiometric TiC powder, and then HIP’d under the
condition of 1180◦C, 100 MPa pressure, and 3 hour
holding time. The HIP’d materials were then subjected
to austenitization followed by air cooling and temper-
ing. The effect of reinforcement particle size on wear
resistance was also studied by varying the TiC powder
sizes (fine TiC particles having a size distribution of 5.6
to 22.5 µm and coarse TiC particles having a size dis-
tribution of 50 to 100 µm). It was found by the authors
[1] that the wear resistance increased with the increase
in reinforcement volume fraction until the spallation of
the second phase occurred and also, that the composites
reinforced with fine particles were more wear resistant
compared to the composite reinforced with coarse parti-
cles (Fig. 1). The authors concluded that the microstruc-
tures of the unreinforced and reinforced materials were
different in spite of the same heat treatment procedure.
This was due to the presence of a tensile stress into the
matrix of the composite material caused by the differ-
ent coefficients of thermal expansion (CTE) of matrix
and reinforcement. This tensile stress was responsible
for increased martensitic transformation and hence a
decreased amount of retained austenite and this in turn

Figure 1 Wear resistance vs. TiC volume fraction for high-Cr white iron
(Fe-26 wt% Cr-2 wt%C)/TiC composites austenized at 1160◦C [1].

Figure 2 Wear resistance (WR) and the amount of retained austenite
(%RA) vs. fine TiC volume fraction, for high-Cr white iron/TiC com-
posite austenized at 1160◦C [1].

increased the wear resistance of the material. Fig. 2
depicts how the amount of retained austenite and the
wear resistance vary with the volume fraction of fine
TiC particles.

In order to assess the effect of matrix structure on
the abrasion wear resistance and toughness of white Fe
matrix composite, white Fe powder (60 percent of the
particles are <75 µm and 40 percent are 75 to 150 µm)
was mixed thoroughly with 10 vol% TiC particle (parti-
cles having 5.6 to 22.5 µm size) and then HIP’d. Com-
posites were subjected to nine different heat treatment
procedures. The authors concluded that parameters like

3882



Figure 3 Wear resistance (in bars) and retained austenite content (%RA,
in line) vs. austenitizing temperature, for the high-Cr white iron/TiC
composite [2].

Figure 4 Wear resistance (in bars) and hardness (in line) of the high-Cr
white iron/TiC composite vs. austenitizing temperature [2].

Figure 5 Impact energy of the high-Cr white iron/TiC composite vs.
austenitizing temperature [2].

austenitizing temperature of the matrix had a critical
role in determining the final performance of the com-
posite, i.e., wear resistance, hardness, and toughness
(Figs 3–5).

In a subsequent paper Pagounis et al. [6] described
the microstructure and mechanical properties of hot-
worked tool steel matrix composites produced by hot
isostatic pressing. Here, hot-worked tool steel powder
was mixed with three different types of carbides, TiC,
Cr3C2, or VC. Three different composites, i.e., hot-
worked tool steel and TiC or Cr3C2 or VC were HIP’d
at 1100◦C temperature, 100 Mpa pressure, and 3 hour
holding time. The authors found that (i) there was phe-
nomenal improvement of wear resistance and a much

greater hardness than the unreinforced alloy (ii) there
was a uniform distribution of reinforcing phase in fully
densified material, and (iii) there was no significant
reaction between alloy matrix and ceramic particles.
However, the toughness of the composite was reduced.

Bolton and Gant [11] studied the microstructural de-
velopment and sintering kinetics of high-speed steel
based composites reinforced with either TiC or NbC.
The composites were made though a conventional sin-
tering route. It was concluded by the authors that the rel-
ative volume fraction, composition and type of primary
carbides present in the high speed steel were altered
due to the presence of TiC or NbC in the composites.

Production of composite via a powder metallurgy
route has its limitations. Mixing of matrix powder
and reinforcing particle must be thorough in order to
achieve uniform dispersion of the reinforcing phase.
The Sintering cycle and environment must be chosen
critically to obtain components with near theoretical
density. There is also difficulty in machining or trim-
ming of sintered parts because of high hardness of the
materials, and the mold designs must be simple in order
to prevent density differences during compacting and
sintering [12]. One then looks to the other common
route, the melting and casting route, for synthesizing
composite materials.

2.2. Conventional melting and casting route
Attempts have been made to produce Fe-based com-
posites through alternative cost effective process such
as in situ production of Fe-TiC composites by reaction
in liquid Fe alloys [3, 8, 13–18]. Interest in the devel-
opment of the in situ technique to produce particulate
metal matrix composites has its roots behind the fol-
lowing reasons [8]:

1. The process enables the formation of clean in-
terfaces, i.e., free from adsorbed gases, oxides or other
detrimental surface reactions. This in turn tends to make
the matrix-filler interface bond strong.

2. The process of generation of the filler phase in situ
excludes the manufacture and the handling of the
phase separately; thereby reducing the unit steps in the
process.

3. Near net shape final components can be produced
by direct casting.

Terry and Chinyamakobvu [8] produced Fe-TiC com-
posite by adding C in the form of coal to molten Fe-Ti
alloy in an induction furnace. The melt was maintained
at 1550◦C for 20 minutes to complete the reaction. The
composite was also produced by an addition of Ti fil-
ings to a levitated drop of 3 wt% carbon cast iron. The
reaction at 1600◦C for 80 seconds virtually completed
the conversion of Ti to TiC. The microstructure of the
composites produced by both methods showed a uni-
form distribution of discrete TiC particles.

The degree of dispersion that can be achieved in liq-
uid matrices is known to depend on various process
parameters namely temperature, liquid matrix compo-
sition, composition and surface properties of disper-
soid, and ambient atmospheric condition [13]. Though
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wettability is an important criterion, one cannot assess
the degree of dispersion by knowing the wettability
alone. Terry et al. [13] developed a dispersion test for
TiC dispersed Fe composite. The test relies on elec-
tromagnetic levitation of a molten metal drop with the
dispersoid phase where the effects of parameters like
melt composition, gas atmosphere, surface properties
of dispersoid and temperature on degree of dispersion
can be studied easily. The dispersion test provides qual-
itative assessment of dispersion 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: (i) the use of a ceramic crucible is
eliminated and therefore, crucible material contamina-
tion is avoided, (ii) well mixed heterogeneous melts
are obtained which can indicate the wetting of the solid
component achieved as a result of vigorous stirring,
(iii) gas surrounding the melt can be changed and its
effects can be studied, and (iv) a quick heating and at-
tainment of equilibrium provide the basis for a rapid
test procedure. However, the limitation of the test lies
in its inability to assess the segregation behaviour of
the dispersiod as the quantity of the charge is quite
small.

Raghunath et al. [14] prepared Fe-TiC composites
in a MgO lined induction furnace with a blanket of N2
gas over the melt. The ductile iron was melted in the
furnace and upon reaching the temperature of 1450◦C,
ferro titanium was added. The composites containing up
to 10 vol% TiC was statically cast. However, the com-
posites containing large volume fraction of TiC could
not be poured. Therefore, it was squeezed under a pres-
sure of 1000 psi and allowed to solidify in the crucible
within the furnace followed by remelting and solidifi-
cation under vacuum (10−6 torr) in a resistance furnace.
The microstructure of the composite showed uniform
distribution of spheruletic carbides.

Skolianos et al. [15] prepared Fe-TiC composites in
a high frequency induction furnace by melting pieces of
stainless steel and then adding the appropriate amounts
of Ti and graphite under an argon atmosphere. The
cooling rate was varied by casting the composite in
a graphite or a cast iron mould. The authors concluded
that (i) the specific wear rate decreased with increas-
ing volume fraction of carbide and decreasing particle
size and spacing, and (ii) for a given volume fraction
of carbide and carbide particle size (a) the wear rate
increased with a softer matrix and (b) the friction coef-
ficient decreased with the microhardness of the matrix.

TiC reinforced Fe-based (Fe-Mn-Ti-C) compos-
ites were made by melting the alloy at 1873 K in
an induction furnace under an inert atmosphere fol-
lowed by gas atomisation with high purity argon by
Popov et al. [16]. The microstructure of the materials
showed a uniform distribution of very fine TiC particles
(0.3–0.5 µm) in an austenetic matrix.

The Fe-TiC composites were made by Kattamis et al.
[3] by (i) precipitation of TiC from a Fe-Ti-C melt and
(ii) dispersion of TiC particles in an Fe-C melt by vig-
orous electromagnetic mixing. In the first process, cast
iron was melted in an induction furnace under argon
and then appropriate amounts of Ti and Fe were added

to get different volume fractions of TiC. Melts were un-
dercooled and nucleated at about 10◦C below the TiC
liquidus followed by either rapid quenching (resulting
martensitic matrix), or argon cooling/slow cooling (re-
sulting pearlitic matrix). In the second process, iron,
low carbon steel, or cast iron was melted in an induction
furnace under an argon atmosphere and then the TiC
particles were mixed through an electromagnetically
induced stirring. The melt was held at different temper-
atures (1200◦C to 1700◦C) for various times (0 to 250 s)
followed by slow cooling in the furnace, argon cooling,
or water quenching. The authors concluded that the mi-
crostructure of the composite obtained by precipitation
of TiC from Fe-Ti-C melt could be altered by control-
ling the melt composition, uniformity, and cooling rate,
whereas the microstructure of the composite produced
by dispersing TiC particles in steel or cast iron melt
could be controlled by controlling the original melt
composition, volume fraction and size of TiC added,
mixing temperature and time, and cooling rate. It was
also concluded by the authors that the specific wear rate
and the friction coefficient between a diamond stylus
and polished specimen surface decreased with the in-
crease of TiC volume fraction and with the decrease of
carbide particle size and spacing.

It is quite clear from the above discussion that all the
composites were produced either by adding C to Fe-Ti
alloy or Ti to Fe-C alloy and the proportion of each
element was adjusted to get the desired volume fraction
of TiC as well as the matrix composition [3, 8, 14, 15].
However, Katamis and Suganuma [3] also produced the
Fe-TiC composites by mixing TiC powder in steel/cast
iron melt. The composites produced by all the above-
mentioned authors were reinforced with 10–15 µm size
TiC particles. It has been well established that the wear
resistance of a Fe-TiC composite increases with the
decrease in particle size. Popov et al. [16] was able to
get 0.3 to 0.5 µm size TiC particle by gas atomization
of the melt.

However, the conventional melting and casting route
has some limitations. A high processing temperature
is required to fabricate Fe-based composites by a con-
ventional liquid processing route. Also, the maximum
Ti and C contents in the melt should be restricted to
8–10 wt% and 3–4 wt%, respectively to obtain opti-
mum fluidity [12]. Therefore, smelting route is only
applicable for the preparation of ferrous composites
with a low volume fraction of TiC. The other problem
that may arise is the non-uniform distribution of the
carbide particles. One way to avoid this problem is to
increase the solubility of TiC in the alloy resulting in a
uniform distribution of TiC particles. Popov et al. [16]
did some thermodynamic calculations to show that an
addition of Mn in Fe-C alloy increased the solubility of
TiC in the alloy resulting in a uniform distribution of
TiC particles.

2.3. Carbothermic reduction route
The slope of the C(s) + O2(g) = 2CO(g) line in the
Ellingham diagram is reverse to those of the other ox-
ides [19]. Therefore, the C-CO line intersects many
oxide lines. It is thus possible to reduce many oxides
(i.e., Cu2O, PbO, Fe3O4, ZnO, MnO, etc.) by C above

3884



the temperature at which the C-CO line intersects their
oxide lines. Carbon being very cheap, in the form of
either charcoal or coke, is used for commercial produc-
tion of these metals from their oxides. These reduction
processes have to be carried out at high temperatures,
and hence these are known as carbothermic reduction
process. Some researchers produced the Fe-TiC com-
posite by carbothermic reduction of ilmenite or rutile
[8, 12]. The feasibility of various reactions and tem-
peratures required for smelting of ilmenite by C can
be readily ascertained by the knowledge of thermody-
namics [20]. Two most important reactions that can be
considered are as follows:

FeTiO3 (s) + 3C (s) = Ti (s) + Fe(s) + 3CO (g) (1)

�Go
T = 202, 968.3 − 117.56T Cal

Hence, �Go
T = 0 at T = 1726.5 K

FeTiO3 (s) + 4C (s) = Fe(s) + TiC (s) + 3CO (g) (2)

�Go
T = 158,368.3–114.4T Cal

Hence, �Go
T = 0 at T = 1384.3 K

It may be noted that TiC formation requires a lower tem-
perature compared to that for the formation of metallic
Ti. Hence, the reaction product of carbothermic reduc-
tion of ilmenite would contain TiC in an Fe matrix.

Terry et al. [21] tried direct carbothermic reduction
of ilmenite (FeTiO3) or rutile (TiO2) to produce small
quantities of composite. The following reactions were
considered by the authors [21]:

XFe + FeTiO3 + 4C = (x + 1) Fe + TiC + CO

(for ilmenite)

XFe + TiO2 + 3C = x Fe + TiC + 2CO

(for rutile)

In order to obtain a required Fe/TiC ratio in the com-
posite, an excess amount ‘x’ of iron powder was added.
In this process pellets consisting of Fe powder (C satu-
rated), rutile or ilmenite, collie coal mixture in various
proportions was heated in a tube furnace in the temper-
ature range of 1300◦C to 1600◦C under a flowing argon
atmosphere. The process produced Ti (O,C) rather than
TiC as the reinforcement phase and it was attributed to
a lower reduction temperature. Excellent dispersions of
Ti (O,C) were obtained above 1450◦C.

Galgali et al. [12] worked extensively on the prepara-
tion of TiC rich Fe-TiC master alloys and TiC reinforced
cast iron composites by carbothermic reduction of il-
menite in a bed of steel scrap using a plasma reactor. As
it was not possible to obtain TiC reinforced steel based
composites by carbothermic reduction of ilmenite in a
bed of steel scrap using a plasma reactor in a graphite
crucible, steel composites were prepared by dissolving
TiC rich Fe-TiC master alloy in plain carbon or alloy
steel melts in an induction furnace.

Another work in similar lines was carried out by Chen
et al. [22] and it was found that an improvement in
the efficiency of the above process to obtain composite

could be achieved by high-energy ball milling of the
reaction mixture. It was shown by the authors [22] that
even at 1000◦C, Fe-TiC composite could be produced
from a ball milled mixture of ilmenite and graphite.

The advantage of producing Fe-based composites
through carbothermic reduction of ilmenite is the re-
duction of a number of steps and thereby the cost of
production. On the other hand, the carbothermic reduc-
tion leading to the formation of TiC in Fe matrix is
endothermic though spontaneous above 1384.3 K, as
can be seen from Equation 2. Hence, the system should
have enough heat to supply for the reaction besides
melting the charge. In any process route energy being a
costly input, it makes sense to minimize this variable.
An alternative energy efficient route to produce Fe-TiC
composite is discussed in the following section.

2.4. Combustion synthesis route
The combustion synthesis, reaction synthesis, or self-
propagating high temperature synthesis (SHS) can be
defined as a process where the heat liberated due to
exothermic reaction is adequate to sustain the reaction
by the rapid propagation of a combustion front without
further addition of energy. In the early days, their ap-
plications were limited to pyrotechnics and rocket fuel
[23]. However, in recent years this method is being uti-
lized to produce a wide variety of ceramics, ceramic-
composites, and intermetallic compounds. Compared
to conventional ceramic processing, the most obvi-
ous advantages of combustion synthesis are primarily
[24]: (1) the generation of a high reaction temperature
which can volatilize the low boiling point impurities
and therefore, result in high purity products, (2) the
simple exothermic nature of the SHS reaction avoids
the need for expensive processing facilities and equip-
ment, (3) the short exothermic reaction time results in
low operating and processing costs, (4) the high ther-
mal gradients and rapid cooling rates can give rise to
new non-equilibrium or metastable phases, (5) inor-
ganic materials can be synthesized and consolidated
into a final product in one step by utilizing the chemi-
cal energy of the reactants.

A schematic representation of a temperature-time
plot for a combustion synthesis reaction is given in
Fig. 6. In the figure the ignition temperature, Tig, is
that temperature where the exothermic reaction is initi-
ated and the heat generation due to exothermic reaction

Figure 6 Schematic representation of the time-temperature curve during
an SHS reaction [24].

3885



is manifested by the maximum or combustion temper-
ature, Tc.

The combustion synthesis reaction can be conducted
in two modes: (1) self-propagating mode, often referred
to as SHS, and (2) simultaneous combustion mode often
referred to as thermal explosion. In the self-propagating
mode, a small part of the reactant is ignited at a high
temperature creating a combustion wave, which prop-
agates through the entire sample. In contrast, the si-
multaneous combustion mode occurs when the reac-
tion takes place simultaneously throughout the reactant
mixture once the entire sample has been heated to the
ignition temperature. Typical experimental set-ups used
for thermal explosion mode and normal SHS mode are
shown in Fig. 7a and b [25]. The difference between the
combustion and thermal explosion mode was indicated
in a SHS diagram (Fig. 8) by Sato and Munir [26]. In
this diagram the starting temperature is plotted against
degree of dilution. The degree of dilution with respect
to Fe-TiC system is determined by the Fe content.

The combustion synthesis of the Ti-C system has
been studied extensively [27–38]. However, the present
article deals with the synthesis of the Fe-TiC composite.
Therefore, we will be discussing those studies, which
involve the synthesis of Fe-TiC composite by combus-
tion synthesis mode. Saidi et al. [39] used the thermal
explosion mode to produce Fe-TiC composite. Carbon
black and Ti powders were mixed at an equiatomic ratio.

(a)

(b)

Figure 7 (a). Apparatus used for Thermal Explosion (TE) experiments.
(1) argon supply, (2) power supply, (3) vacuum pump, (4) furnace
chamber, (5) sample, (6) pyrometer, (7) temperature display, (8) data
acquisition system, (9) PC [25]. (b). Apparatus used for normal SHS
experiments. (1) tungsten filament, (2) sample, (3) graphite stage,
(4) glove box, (5) vacuum pump, (6) PC, (7) data acquisition system,
(8) pyrometer, (9) quartz window [25].

Figure 8 Schematic representation of an SHS diagram [26].

Figure 9 Plots of ignition temperature ( ❦) and combustion temperature
(�) as a function of Fe content [39].

Then, the Fe powder was added to obtain products with
Fe compositions ranging from 2.7% to 85%. The pow-
der mixture was compacted in a ceramic die rather than
in a steel die to avoid segregation of Fe due to its mag-
netic effect. The precompacted samples were heated to
the ignition temperature under an argon atmosphere in
an induction furnace. The authors suggested that Ti and
Fe powders reacted in the solid state to produce FeTi2,
which was a eutectic compound having a melting point
of 1085◦C. At the ignition temperature, which was very
close to the melting point of Fe-Ti alloy, C dissolved in
the molten droplets of FeTi2 and subsequent formation
of TiC released enough heat to initiate a self-sustaining
reaction. The authors also found that an increase in the
amount of Fe led to a decrease in the combustion tem-
perature, as more of the exothermic heat was absorbed
(Fig. 9). The ignition temperature decreased initially
with the addition of Fe and then it reached a steady
state temperature with increasing Fe content near the
eutectic temperature in the Fe-Ti phase diagram. In a
subsequent paper Capaldi, Saidi, and Wood [25] stud-
ied the combustion synthesis of Fe-TiC by both thermal
explosion and normal SHS mode. It was found that the
morphology of the products obtained was similar in
both reaction modes. The mechanism of formation of
Fe-TiC as suggested by Capaldi et al. [25] was similar
to that of as suggested by Saidi et al. [39] and Choi
et al. [40]. Capaldi et al. [25] also measured the acti-
vation energy to support the suggested mechanism of
formation of Fe-TiC.
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Figure 10 Schematic diagram of combustion temperature measurement
[41].

Figure 11 Schematic diagram of the combustion front quenching test
[41].

Fan et al. [41] conducted the following experiment
in order to evaluate the microstructural evolution of
TiC-Fe by the combustion synthesis. Iron powders
(<45 µm diameter) of amount 30 wt% were incor-
porated into a mixture of Ti powders (135-154 µm)
and carbon black (0.033–0.079 µm diameter) with an
equiatomic ratio and they were mixed thoroughly. A
compact (14 mm diameter and 18 mm length) with
a relative density of about 60% was made from the
powder mixture. In order to measure the combustion
temperature, a small hole was drilled at the bottom of
the compact, and a thermocouple pair of W-3% Re and
W-25% Re was inserted into the hole and linked up with
an X-Y recorder by means of which a temperature-time
curve could be recorded. The compact was ignited in
a reaction chamber with an incandescent graphite flat
placed 2 mm above the top surface of the compact at a
pressure of 0.1 MPa of argon at an initial temperature of
298 K, and the temperature-time curve was recorded as
the combustion wave self propagated through the com-
pact (Fig. 10). The combustion temperature was deter-
mined by the temperature maxima of the curve. The
authors also conducted a combustion front quenching
test by pushing out a part of the green compact from
the die. The compact was ignited at the top surface
with an incandescent graphite flat (Fig. 11). The com-
bustion wave self propagated in the compact, but got
self quenched before the front reached the bottom of
the compact because of the cooling effect of the steel
die. Authors [41] suggested the followings:

(a) The combustion reaction in Ti particles mainly
took place in the solid state. The conclusion was based
on two observations: (i) SEM micrograph showed that
the shape and size of the reacting Ti particle were not
different from those of the initial Ti particles, (ii) The

measured combustion temperature is 1903 K, which is
lower than the melting point of Ti (1945 K).

(b) The reaction started at the surface of the Ti parti-
cle and then proceeded by the solid-state diffusion of C
and Fe atoms into the Ti particles forming TiC together
with a binder phase consisting of Fe and Ti.

(c) The TiC particles appeared as isolated spherical
particles surrounded by the binder phase, and were not
agglomerated or angular. This was quite different from
the TiC particles that formed in the binary Ti-C system.

In the binary system the combustion product consisted
of only TiC particles of angular shape. This was well
known; because of the requirement of a driving force
for diffusion only a single phase was able to exist in
a binary reaction-diffusion layer of a binary system,
whilst two phases were able to exist simultaneously in
a ternary-reaction-diffusion layer of a ternary system
[42]. Therefore, in the Ti-C-Fe system, the TiC particles
formed in the ternary-reaction-diffusion layer together
with the binder phase separating the TiC particles had
to be isolated and spherical ones. Fig. 12A and B shows

Figure 12A Scanning electron micrographs of reacting Ti particles:
(a) starting from the surface layer, (b) propagating towards the center,
and (c) the reaction product [41].
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Figure 12B Scanning electron micrographs of the fusion and flow of
reacted Ti particles: (a) the macrostructure, (b) the microstructure of
interface ‘F’/‘G’, and (c) enlargement of region ‘F’ [41].

the microstructure of the reacting Ti particle and reacted
Ti particle. The presence of the residual phase, FeTi
(Fig. 12B), was due to the use of the coarse Ti powder
leading to a low combustion temperature and a long
diffusion distance.

From the above discussion it is quite clear that the
combustion synthesis of the Ti-C system has been stud-
ied quite extensively. Later, Fe is added to Ti-C system
to study the effect of degree of dilution on TiC com-
bustion synthesis and this gives us some information re-
garding the synthesis of TiC-Fe composite rather than
Fe-TiC composite. It can be concluded from the lit-
erature [25, 39, 40] that near the ignition temperature
Fe and Ti form a low melting point alloy and then C
diffuses to form spherical TiC particles separated by
a binder phase consisting of Fe and Ti. However, Fan
et al. [41] suggested that in the Fe-TiC system the re-
action took place mostly in the solid state.

2.5. Thermit reduction route
Thermit reaction can also be used as a means to synthe-
size composite materials. The type of reaction involving
reduction of a metallic or a non-metallic oxide with a

metal to form a more stable oxide and the corresponding
metals or non-metals of the reactant oxide is called the
thermit reaction [43]. This form of oxidation-reduction
reaction can be written as

M + AO = MO + A + �H

Where M is a metal, A is either a metal or a non-metal,
MO and AO are their corresponding oxides and �H
is the heat generated by the reaction. Because of the
large exothermic heat, a thermit reaction can generally
be initiated locally and can become self-sustaining, a
factor which makes their use extremely energy efficient.
The Ellingham diagram shows that some metals such as
Al, Zr, Mg, Ca, etc. form very stable oxides. Therefore,
these metals can be used to reduce many oxides such
as Cu2O, Fe2O3, SiO2, TiO2, etc. The most commonly
used reductant is Al due to the following reasons:

i) Although Mg and Ca form two of the most stable
oxides, their reducing tendency decreases more sharply
at elevated temperatures. Moreover, both Ca and Mg
are more volatile having normal boiling point at 1757
and 1363 K, respectively and thus are less desirable for
certain applications because of high reaction pressure
and vaporization losses [43].

ii) Between Al and Zr, Al is used more commonly
because of its availability, although Al and Zr have a
comparable reducing tendency.

iii) From the cost standpoint, Al is cheaper than Mg,
Ca, or Zr.

iv) The fact that many thermit reactions yield a
molten product that consists of a heavier metallic
phase and a lighter oxide phase, which can be sep-
arated by gravity, makes these reactions potentially
useful in many metallurgical applications [43]. The
melting point of Al2O3 (Tmp,Al2O3 = 2051◦C) is lower
than those of CaO (Tmp,CaO = 2580◦C) and MgO
(Tmp,MgO = 2800◦C). This lower melting point of Al2O3
facilitates phase separation.

Thermit reactions that use aluminum as the reducing
agent are commonly known as aluminothermic reduc-
tion process. This type of reaction is highly exothermic
in nature and if the reaction is initiated locally it can
become self-sustaining. Although, the aluminothermic
reduction can be classified as a class of SHS reaction,
the advantage of aluminothermic reduction over SHS
is that the starting material for aluminothermic reduc-
tion are naturally occuring oxides which are less expen-
sive and more readily available than elemental reactant
powders which are the starting materials for conven-
tional SHS process [43], as described in Section 2.4.
Aluminothermic reduction has been used to produce a
wide variety of composite materials over the last three
decades and a partial list of these is given in Table III
[43]. However, the authors of the present article could
not locate any literature, which deals with the synthesis
of Fe-TiC composite by aluminothermic reduction.

The authors of the present article have used the alu-
minothermic reduction process to produce Fe-TiC com-
posite from an industrial waste [44]. The waste material
is called siliceous sand and it is obtained from an Al
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T ABL E I I I Reactions for synthesizing composite materials

Reactions

1. Cr2O3 + 2Al = 2Cr + Al2O3

2. 2ZrO2 + 2SiO2 + 16/3 Al = 8/3 Al2O3 + ZrSi2 + Zr
3. TiO2 + B2O3 + 10/3Al = TiB2 + 5/3Al2O3

4. TiO2 + 4/3 Al + C = TiC + 2/3 Al2O3

5. 3Fe3O4 + 8Al = 9Fe + 4Al2O3

6. SiO2 + 4/3Al + C = SiC + 2/3Al2O3

7. 2B2O3 + 4Al + C = B4C + 2Al2O3

8. 2MoO3 + 4Al + C = Mo2C + 2Al2O3

9. 3TiO2 + 4Al + 3/2C + 3/4N2= 3Ti(C0.5N 0.5) + 2Al2O3

10. 3TiO2 + 4Al + 1.5NaCN = 3TiC0.5N0.5 + 2Al2O3+ 1.5Na
11. 6Mg + 2B2O3 + C = 6MgO + B4C
12. SiO2 + Al = Si + Al2O3 + N2 + heat = β-sialon, 15R-sialon,

Al2O3, AlN
13. Al + SiO2 + C + N2 = SiC, AlN, AlON, Al2O3

T ABL E IV Composition of siliceous sand

Composition Fe2O3 Al2O3 TiO2 Na2O SiO2

Wt% 73.1 6.26 8.63 2.51 3.84

extraction plant. A typical sand composition is shown
in Table IV. The other impurities like NiO, Cr2O3, and
V2O5make up the balance. The sand is rich in Fe2O3 and
also contains a substantial amount of TiO2. The Fe-TiC
composite is produced by aluminothermic reduction of
siliceous sand in presence of C. The charge needed to
synthesize the composite consists of siliceous sand, Al
powder, and C in the form of cast iron and/or graphite.
Sometimes TiO2 was added externally to adjust the vol-
ume fraction of TiC. The charge was preheated in a pit
furnace upto 775◦C in a clay graphite crucible. The
crucibles were coated with zircon paint to prevent C
pick up. The crucible was removed out of the furnace
when the requisite temperature of 775◦C is reached and
then the reaction was triggered by adding Mg turnings.
The heat generated due to the aluminothermic reduc-
tion was high enough to melt the charge completely and
uniformly. A bottom pouring arrangement was made so
that the liquid metal can be poured directly into a mould
by opening the plug at the bottom of the crucible. A flow
chart depicting the synthesis of Fe-TiC composite from
siliceous sand is shown in Fig. 13.

The important reactions leading to Fe-TiC composite
can be written as

3TiO2 + 4Al + 3C = 3TiC + 2Al2O3 (1)

Fe2O3 + 2Al = Al2O3 + 2Fe (2)

SiO2 + 2Al = Si + Al2O3 (3)

The composite thus obtained has Fe matrix with some
Al, Si, and C dissolved in it and TiC as the reinforce-
ment. A typical microstructure is shown in Fig. 14. The
hardness of the as cast composite varied between Rc
48 to Rc 56. The variation in the hardness is mainly
due to the variation of volume fraction of TiC and mi-
crostructure of the matrix material. The Fe-TiC com-
posite thus obtained has shown very promising wear
resistance properties. The wear resistance property of
the composite is even better than some of the common
tool materials such as M2 grade tool steel. A plot com-

Figure 13 Flow chart depicting the synthesis of Fe-TiC composite from
siliceous sand [44].

Figure 14 SEM micrograph showing distribution of TiC particles in
pearlitic type matrix [44].

paring the wear behavior of Fe-TiC composite and tool
steel is shown in Fig. 15.

The main advantage of producing Fe-based compos-
ite via aluminothermic reduction is the simplicity of
the method by which the composite can be produced.
The heat evolved during aluminothermic reduction will
melt the charge. Therefore, no expensive experimental
set up but only some cheap raw materials are needed
to synthesize the composite. As a result, even a small-
scale foundry can produce Fe-based composite with
improvement in properties over conventional steel/cast
iron castings.
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Figure 15 Comparison of wear behavior between as cast composite and
tool steel [44].

2.6. TiC reinforced ferrous surface
composites fabricated by electron
beam radiation/laser surface
melting/plasma spray synthesis

In the recent years attempt had been made to achieve
surface hardening or surface alloying by direct irradia-
tion with high-energy electron beam [45, 46]. Soon-Ju
Kwon et al. [47] tried a very simple method where TiC
powder having a purity of 99% and size of 2–5 µm
was mixed with 10 wt% flux (MgO & CaO at 1:1 ra-
tio) and homogeneously deposited on a plain carbon
steel (Fe-0.1C-0.24Si-0.56Mn-0.16Cu-0.08Ni-0.06Cr-
0.02Al-0.01P–0.03S) substrate. It was then irradiated
with a high-energy electron beam under conditions of
1.4 MeV beam energy, 1.2 cm beam diameter, 1 cm/s
beam traveling speed. The flux was used to protect
melted TiC powder from air and to control the compo-
sition. A schematic of the process is shown in Fig. 16.
The material produced in this way had a top layer con-
sisting of Fe-TiC composite with a hardness of 400–490
VHN followed by a coarse grained heat affected zone
with a hardness of 170 VHN, a fine grained heat af-
fected zone with a hardness of 150 VHN and then the
unaltered matrix with a hardness of 130 VHN (Fig. 17).
Thus, by this method the hardness of the surface had
been increased by three to four times over the unaltered
surface by impregnating the bainitic matrix with radi-
ally grown dendrites of TiC, particles, and fine needle
shaped eutectic TiC particles.

Figure 16 Schematic diagram showing the fabrication procedures of the TiC-reinforced ferrous surface composite [47].

Figure 17 Vickers hardness vs. depth from the irradiated surface of the
TiC-reinforced surface composite [47].

TiC hardened steel surfaces had also been produced
by laser surface melting [48, 49, 50]. Ayers and Tucker
[49] had processed TiC hardened steel surfaces by laser
surface melting. A CO2 laser was used to melt a shallow
pool on the surface of a 304 stainless steel piece. The
carbide powder carried by a stream of helium was blown
into the melt from a nozzle positioned about 1 cm away.
The TiC particles were injected in this way, otherwise
they would float on the top owing to the density differ-
ence between TiC and stainless steel. Microhardness
measurements were taken from the matrix and macro-
hardness measurements were taken from the compos-
ite material. The hardness of the matrix when injected
with +140, −70 mesh TiC particle varied between 205
and 253 HV with an average value of 219 HV and the
hardness of the matrix when injected with +325, −230
mesh TiC particle varied between 242–272 HV. The
increased microhardness of the austenetic matrix from
152 HV to values of about 200–270 HV was due to
the partial dissolution of the carbide particles. It was
also concluded that the finer the carbide particles, the
more was the dissolution and thereby the greater was
the hardness of the matrix. The macrohardness of the
surface composite was about 57.6 HRC. However, sur-
face composites produced by this method were never
defect free. The injected carbide particles frequently
got cracked due to the thermal stress imposed on them
by the matrix during cooling. However, Ceri et al. [51]
and Ariely et al. [52] claimed that the carbide rein-
forced surface composite produced by a laser injection
technique was defect free.
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Fasasi et al. [53] had also produced Fe-TiC sur-
face composite by laser surface melting. A mixture of
submicron size TiC particles and polyethylene glycol
(PEG) was brought into a pasty state by heating the
mixture to the melting point of the polymer, which is
70◦C. The paste was then deposited on a Fe block and
left to dry. The Nd3+ YAG laser was then passed over
the surface. The composite structure at the surface was
martensitic impregnated with TiC particles and was free
of cracks even after rapid solidification and this could
lead to the improvement of wear properties of marten-
sitic steel. Surface hardness as high as 1400 kg mm−2

could be achieved by this method.

3. Concluding remarks
The present article provides an overview of the various
synthesis routes of Fe-TiC composites, which have been
evolving over the years. Although most of the commer-
cially available Fe-TiC composites are processed by
a powder metallurgy route, materials designers are in
constant search for noble and also economical synthe-
sis route, which may give us products with properties
superior to the existing ones. As a result, various other
routes such as a normal melting and casting route, a
carbothermic reduction route, etc. have been tried by
many research groups to produce in situ Fe-TiC com-
posites with a uniform dispersion of TiC reinforcement.
Combustion synthesis has also been used to synthesize
TiC-Fe composite rather than Fe-TiC composite. The
main purpose of synthesizing Fe-TiC composite is to
use it as a wear resistant material. It has been found that
a phenomenal improvement in wear resistance occurs
owing to the incorporation of TiC particles in an Fe ma-
trix. It has also been found that the wear resistance of
the material increases with the decrease in particle size
and also with the increase in carbide volume fraction.
In an attempt to refine the TiC particle size, rapid so-
lidification has come into the picture and subsequently
people have tried to produce the submicronic TiC parti-
cle by techniques of laser surface melting, plasma spray
synthesis, ion beam radiation, etc. The authors of the
present article have produced Fe-TiC composite with
an attractive wear resistance property by aluminother-
mic reduction of a discarded by product. This route
of synthesis is not only economical but also capable
of producing TiC particles whose size is somewhere
between the size of TiC particle produced by conven-
tional melting and laser surface melting, plasma spray
synthesis, or ion beam radiation.
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