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In this study, Fe-TiC nanocomposite was synthesized by carbothermic reduction of activated Fe2O3, TiO2,
and graphite powder mixture. The effect of 0, 5, and 20 h of high energy ball milling of mixture on the
reduction process was also investigated. Comparing the results of the thermogravimetry analysis of milled
and un-milled mixtures clearly showed that the reduction temperature decreased due to the milling process.
XRD pattern of 20 h milled powder mixture proved that Fe-TiC nanocomposite was formed after the heat
treatment of activated powder at 1100�C for 1 h under vacuum. The microstructure studies of the milled
mixture by scanning electron microscope revealed homogenous distribution of TiC particles in the Fe
matrix.
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1. Introduction

TiC is a good reinforcement in iron-based composites
because of its high hardness, thermal stability, metallic
properties, and resistance to abrasion wear (Ref 1-4). TiC
particles can be produced through various ways such as
welding (Ref 5, 6), ion beam sputtering (Ref 7), and
aluminothermic and carbothermic reductions (Ref 8, 9). The
in situ synthesized particles are more eligible to reinforce Fe
matrix because they have smaller size and clean surface and
they require cheaper initial materials (TiO2 in comparison with
Ti) (Ref 1-4). The mentioned methods present various charac-
teristics of particle size and distribution, morphology of
particles, state of agglomeration, and chemical purity. It has
been reported that carbothermic reduction of titanium dioxide,
TiO2, occurs over the temperature range of 1700-2100 �C
(Ref 10). Ilmenite has also been used as an initial material for
this process. It has been proved that the milling powder mixture
of carbon and TiO2 or ilmenite decreases the time and
temperature of the reduction process (Ref 11-14). Nanostruc-
ture TiC can be produced at ambient temperature by high
energy milling using Ti and C as the initial materials. In
addition, it has been reported that TiC cannot be produced by
milling TiO2 and carbon powder mixture because of its high
positive formation free energy from these materials (Ref 12).

Mechanical milling of hematite and carbon powder mixture
decreases the onset temperature of the reduction (Ref 15). This
process can also change the rate of reduction at high
temperature (Ref 13, 16-18). Cold welding and fracturing of
powder particles during mechanical milling result in the
decrease of the particle size and increase of the contact surface
area between the reactants. Fine crystallite size, large special
surface area (SSA), small particle size, less degree of long-
range order, presence of internal strain and amorphous phases
which are seen after mechanical activation lead to higher
chemical reactivity. In addition, the rate of reaction and the
controlling mechanism of overall rate will change by this
process (Ref 13-15).

The aim of this study was to produce Fe-TiC nanocomposite
by an in situ process using mechanical activation and heat
treatment of Fe2O3-TiO2-C powder mixture. The in situ
technique involves a chemical reaction resulting in the
formation of a very fine and stable ceramics phases within a
metal matrix (Ref 19). The advantages of the in situ route are
the clean surface of generated phase and homogenous distri-
bution of the second phase in the matrix. In this situation, the
matrix-reinforcement interface bonds tend to be stronger (Ref 1,
3, 19, 20).

2. Experimental Procedures

In this study, powder of anatase (>99% TiO2, particle size
£ 5 lm), graphite (>99% carbon, particle size 5-10 lm) and
hematite (>99% Fe2O3, particle size £ 5 lm) was used as
starting materials. Stoichiometric ratio of iron and titanium
oxides with 10 mol% of excess graphite was mixed in order to
produce Fe-15 wt.%TiC composite. Milling was carried out in
the Fritsch P6 high energy planetary ball mill using balls of 10
and 20 mm diameter and ball to powder mass ratio of 20. The
rotation speed of vials was 300 rpm and milling was continued
up to 20 h under argon atmosphere. Scanning electron microscope
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(SEM) (camscan MV2300 in Backscatter mode (BS)) was
employed to study the morphology of milled and un-milled
powder. 0.05 g of un-milled and 5 and 20 h milled samples
were heated to 1100 �C at the rate of 10 �C/min in the flowing
argon atmosphere in a TGA (thermogravimetric analyzer
Netzsch STA 409). The RTG curve (rate of mass change)
was calculated from TGA data as follows:

RTG %=sð Þ ¼ � dðTGÞ
dt
� 100 ðEq 1Þ

According to the results of the TGA experiments, the
remained powder was pressed and heat treated under the vac-
uum at different constant temperatures for 60 min.

The phases in the samples were characterized by Philips
Xpert, X-ray diffractometer (XRD) at 40 kV and 100 mA with
the Co Ka radiation.

3. Result and Discussion

The XRD patterns of the un-milled and milled samples are
shown in Fig. 1. Hematite (Fe2O3), anatase (TiO2), and
graphite phases were seen in the pattern of the un-milled
sample. The graphite could not be detected in the XRD patterns
of the 5 h milled sample because of amorphization of this phase
during the milling process. This phenomenon was also reported
in other studies (Ref 15-18). The hematite structure remained
stable during the continued milling up to 20 h. The most
intense peak of anatase was not detected after 10 h while other
peaks of anatase disappeared after 5 h of milling, probably due
to the amorphization of anatase. In addition, new phases could
not be observed in the XRD pattern of the milled powder,
suggesting that no significant chemical reduction took place
during the entire milling process. The decrease in the integral
intensity of hematite peaks and broadening of its peaks during
the milling process indicated the reduction of the size of the
hematite crystallites and the presence of the internal strain.

The crystallite size of hematite in the milled mixtures was
estimated by Williamson-Hall equation (Eq. 2). Table 1 dem-
onstrates the results, after modifying the instrument broadening
(Ref 21).

b cos h ¼ kk
d
þ 2e sin h ðEq 2Þ

In this equation, b is full width at half maximum, k is
Scherer�s constant (usually equal to 0.9), D is crystal diameter,
e is internal stress, and k is wave length of X-ray. The
crystallite size of hematite was reduced gradually during the
milling time and reached 18 nm after 20 h of milling while
internal strain increased. Accordingly, high fraction of the
boundary regions existed between nanocrystallites of hematite.
These boundaries had a highly disordered structure which
increased reactivity of the powder mixture. The backscatter
SEM images of the un-milled and milled powder mixtures are
shown in Fig. 2.

Figure 2(a) and (b) shows the black flakes of graphite in the
un-milled powder. White particles of hematite and grey
particles of anatase in a spherical shape were obvious at higher
magnification according to their atomic weight (Fig. 2b).
Figure 2(c) shows that, after 2 h of milling, the milled mixture
consisted of both tiny individual particles and large agglom-
erates of small particles. The shape, size, and quantity of
agglomerates changed with the increase in the milling time. The
shape of agglomerates partially changed from semi-round
(Fig. 2c) to flat (Fig. 2d) after 5 h of milling. The size of large
flat agglomerates decreased after 10 h of milling (Fig. 2e).
Increasing the milling time up to 20 h decreased the quantity of
large agglomerates (Fig. 2f).

Figure 3 shows the morphology of individual particles and
agglomerates in the milled mixtures. Figure 3(a) demonstrates
that after 5 h of milling, agglomerates mainly consisted of gray
and black particles. According to their atomic weight in
backscatter images, it seems that these particles were anatase
and graphite, respectively. Individual particles after 5 h of
milling mainly consisted of white particles (Fig. 3b). After 10 h

Fig. 1 XRD patterns of un-milled and milled Fe2O3, TiO2, and graphite powder mixture

Table 1 Crystallite size of hematite before and after milling

Milling time (h) 0 2 5 10 20
Hematite crystallite size (nm) 60 62 38 23 18
Internal strain (%) 0.001 0.002 0.004 0.004 0.004
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of milling, white and grey particles could be observed in both
agglomerates and individual particles of Fig. 3(c) and (d),
respectively, while there was not any significant difference
between the composition of agglomerates and individual
particles after 20 h of milling (Fig. 3e and f).

These results showed that, at the beginning of milling, gray
(anatase) and black (graphite) particles agglomerated. After 5 h
of milling, the agglomerates broke down to smaller particles

and, subsequently, these particles mixed together. Homogenous
powder mixture was formed after 20 h of milling.

Figure 4 shows the results ofTGAexperiments of un-milled and
milled powder mixtures. The increased reactivity from mechanical
activationwas confirmedbycomparing the results of theTG tests on
un-milled and milled mixtures where the temperature of reaction
decreased in accordance with the milling time. The mass loss up to
800 �C for un-milled powder (Fig. 4a) which was the onset of the

Fig. 2 The morphology of (a, b) un-milled, (c) 2 h, (d) 5 h, (e) 10 h, (f) 20 h milled powder mixture
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first peak in the RTG curve was related to the adsorbed gases and
moisture on the surface of the powder. This point appeared at 580
and 500 �C for 5 and 20 h of milling, respectively.

The mass loss for 0, 5, and 20 h of milling up to the
mentioned temperature was 2.26, 3.54, and 4.08%, respec-
tively. These mass losses showed increased amounts of

adsorbed gases and moisture in accordance with the milling
time due to the increase of the specific surfaces. The second
peak of RTG curves was related to the reduction of hematite to
magnetite according to Eq 3. The mass loss of this state
(H fi M) was about 3% for all the samples which was close to
the theoretical mass loss (Ref 22-24).

Fig. 3 Morphology of matrix and agglomerates in the milled powders for (a) 5 h particles, (b) 5 h agglomerates, (c) 10 h particles, (d) 10 h
agglomerates, (e) 20 h particles, (f) 20 h agglomerates
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3Fe2O3 þ 9C! 2Fe3O4 þ COþ 8C DW% ¼ 3:9 ðEq 3Þ

It has been reported that the reduction of Fe2O3 with C is not
a simple reaction and goes through several stages (Ref 18-24).
There is not any report on the formation of Fe3C in these stages.
The results of this study also did not show any trace of iron
carbide which was in agreement with the above mentioned
mechanism.

The next peak in the RTG curves was related to the
overlapping reductions of magnetite to wustite (M fi W) and
wustite to iron (W fi Fe). The starting point of these stages
for the un-milled sample was 944 �C which decreased to 798

and 650 �C for 5 and 20 h of milling, respectively. The RTG
curve for un-milled sample indicated that the formation of iron
began before the completion of magnetite to wustite stage. The
mass loss of this stage was about 3% which was lower than
that of the theoretical value (Eq 4) (Ref 22-24). It can be
concluded that the stages of M fi W and W fi Fe were
overlapping, which was in agreement with the findings of
others (Ref 15-18).

2Fe3O4 þ 8C ! 6FeO þ 2COþ 6C DW% ¼ 7:8 (Eq 4)

Formation of iron was completed at 1090 �C for the
un-milled sample but this temperature decreased to 978 and

Fig. 4 TG-RTG curves of (a) 0, (b) 5, (c) 20 h milled samples
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785 �C for 5 and 20 h of the milled samples, respectively.
The mass loss of samples up to the end of the last peak (main
peak) was 31.3% which was close to the theoretical mass loss
according to Eq 5.

3Fe2O3 þ 9C ! 6Fe + 9CO DW% ¼ 35:1 ðEq 5Þ

It has been reported that carbothermic reduction of TiO2

starts at temperatures higher than 1100 �C (Ref 12). Therefore,
mass loss due to the reduction of TiO2 cannot be seen in the TG
curve of un-milled sample. However, mass loss after the end of
Fe formation in the TG curves demonstrated traces of
carbothermic reduction of TiO2 in 5 and 20 h milled powders
after the formation of iron.

The XRD patterns of un-milled samples after heating to
800, 1000, 1100, and 1300 �C are shown in Fig. 5. The peaks
of C, TiO2, and c-Fe2O3 phases can be seen in the pattern of
the powder heated to 800 �C. The peaks of c-Fe2O3, Fe3O4,

FeO, and Fe phases appeared in the powder heated to
1000 �C due to the sequential reduction of iron oxide. It
should be noted that identification of the TinO2n�1 phases
(titanium sub-oxides) where n ‡ 3 is difficult. These phases
have very similar XRD patterns and the intensity of distin-
guishing peaks is low (Ref 2, 10, 20). At 1000 �C, the most
intense peak of the rutile became visible. Rutile is more stable
than anatase. Thus, anatase can be transformed into rutile
during heating or ball milling (Ref 10). The increase in the
temperature to 1100 �C led to the complete reduction of iron
oxide and appearance of TiO, Ti3O5, and Ti2O3 phases. At
1300 �C, in addition to TiO and Ti3O5 phases, the peaks of
TiC also appeared. Therefore, it can be concluded that the
synthesis of Fe-TiC composite was not completed up to
1300 �C in un-milled powder mixture. The increase of the
intensity of iron peaks at the temperature of 1300 �C indicated
the partial recrystallisation of this phase.

Fig. 5 XRD patterns of un-milled powder mixture after heating to (a) 800 �C, (b)1000 �C, (c) 1100 �C, (d)1300 �C

Fig. 6 XRD patterns of 5 h milled powder mixture after heating to (a) 600 �C, (b) 800 �C, (c) 1000 �C, (d) 1100 �C, (e) 1200 �C
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Fig. 7 XRD patterns of 20 h milled powder mixture after heating to (a) 600 �C, (b) 800 �C, (c) 1000 �C, (d) 1100 �C, (e) 1200 �C

Fig. 8 SEM images of Fe-TiC composite at (a) heating the 5 h milled powder to 1200 �C, (b) heating the 20 h milled powder to 1100 �C, (c)
heating the 20 h milled powder to 1200 �C
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Figure 6 shows XRD patterns of 5 h milled powder mixture
after heating to 600, 800, 1000, 1100, and 1200 �C. Anatase,
graphite, maghemite, and hematite phases can be observed in
the patterns of powder heated to 600 �C. Existence of
maghemite with hematite indicated the initiation of hematite
reduction. Further heating to 800 �C led to the completion of
maghemite formation. The main peak of anatase was remained
at this temperature indicating that transformation of anatase was
not completed in this condition.

Reduction of iron oxide to iron was completed and titanium
oxides were reduced to Ti2O3 and TiO at temperature of
1000 �C. The increase of temperature to 1100 �C led to partial
formation of TiC from titanium oxide. At the temperature of
1200 �C, the complete synthesis of Fe-TiC composite occurred.
The crystallite size of iron which was 39 nm at 1000 �C
increased to 43 nm at 1200 �C. It can be concluded from Fig. 5
and 6 that the onset temperature of TiO2 reduction and final
temperature of iron formation decreased after 5 h of milling.
Synthesis of Fe-TiC composite was completed after 5 h of pre-
milling and subsequent heating to 1200 �C. The crystallite size
of iron and TiC in the composite was 47 and 42 nm,
respectively.

Figure 7 shows XRD patterns of 20 h milled powder
mixture after being heated to 600, 800, 1000, and 1100 �C. It
can be seen that the temperature of transformation of anatase to
rutile decreased to 600 �C after 20 h of pre-milling due to the
accumulation of energy in the powder. Synthesis of iron was
completed at 800 �C. Ti3O5, TiO, and main peak of TiC could
be observed at the temperature of 1000 �C. The Fe-TiC
composite was formed at 1100 �C with the crystallite size of
51 nm for iron and 39 nm for TiC.

The SEM images of Fe-TiC composites were synthesized
due to heating of 5 h milled powder at 1200 �C and 20 h milled
powder at 1200 �C, as shown in Fig. 8.

The purpose of this research was to synthesize Fe-TiC
composite. The composite was formed at 1200 �C after 5 h of
pre-milling and at 1100 and 1200 �C after 20 h of pre-milling.
The bulk composite of iron with dispersed TiC was formed at
the temperature of 1200 �C for 20 h milled powder probably
due to the sintering of the particles.

4. Conclusions

In this study, the reduction behaviors of milled TiO2, Fe2O3,
and C were investigated. The results could be summarized as
follows:

• Carbothermic reduction in the powder mixture could not
be observed during milling.

• The TG curves showed that the reduction temperature
decreased significantly with the increase in the milling time.

• Nanocrystalline Fe and TiC powder composite was pro-
duced by heating 5 and 20 h milled mixture at 1200 and
1100 �C, respectively.

• Nanocrystalline Fe and TiC bulk composite was formed
by heating 20 h milled mixture to 1200 �C.
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