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Investigations on mechanical activation of in situ: compaosite have mostly focused on synthesizing
composite powder from direct raw material’ (Fe-TiC) aor carbonaceous material such as ilmenite
(FeTiO3). In literature, little information is -available regarding-the effect of processing parameter on
properties of Fe-TiC composite from reduction’ of. mineral hematite (Fe203) with anatase (TiO2).
Therefore, the present work aims to reveal the relationship between processing parameters such as
milling time and sintering parameters: of Fe-TiC compositeswith the microstructure and mechanical
properties of Fe-TiC composite. The XRD diffraction pattern'shiowed that the hematite (Fe,Os3) phase
in the as-milled powder was broadened with increasing milling time (Oh-60h). Magnetite (Fe3O4)
peaks appeared in XRD pattern sample milled for 60 h*which indicated that some of hematite
particles have been reduced to magnetite due to milling in*the presence of graphite. Mechanical
activated sintering at 1100 °C of the Fe,Os- TiO2-C compact transformed the phases to Fe-TiC
composite with enhanced intensity of Fe peaks in XRD patterns. The formation of Fe-TiC composite
was also confirmed by SEM examination and EDX analysis.
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Abstract

This study investigated the influence of milling on the formation of TiC-reinforced iron
composite through carbothermal reduction of hematite and anatase mixture. A mixtures of
hematite, anatase and graphite powde;'rs were mefé@nically: activated in a planetary ball mill
in an argon atmosphere with differenfc mﬂlmgtlfnes(ﬂ-GOh) X-ray diffraction showed that
accompanied by an incremen"t‘jilj mtérnal strain. :'?g’cqlonging the milling process increased
dislocation density of the as-milled pbu;der. Tht;, as;fﬂilled'powder was consolidated by cold
pressing under 100MPa and sintered in vacuum at 1100°C:i High temperature during sintering
resulted in the formation of iron and titanium carbide phases as confirmed by X-ray
diffraction, scanning electron microscope and energy dispersive X-ray analysis. Without
mechanically activated milling, the reaction forming TiC did not occur during sintering at
1100°C, indicating a reduction in reaction temperature promoted by mechanical milling. An
increase in milling time resulted in an increase in sintered density and hardness due to the

fineness of the composite powder, together with complete TiC and iron phase formation.

Keywords: Hematite; Anatase; Carbothermal reduction; Milling time; Fe-TiC composite

1. Introduction

Industrial development of iron matrix composites: has attracted considerable interest
due to the composites’ advantages in ‘terms of its usefulness in production of inexpensive
wear-resistant parts, the possibility of imi-)rdving its properties through heat treatment and its
suitability to be fabricated using various methods including powder metallurgy, conventional
melting and carbothermal reduction [1-21. Typically, an iron matrix is reinforced with hard

compounds of cetamic particles such gs ALO3, Cr3C; and TiC. With such desirable




properties as improved hardness and high chemical stability, TiC is the most suitable
compound for reinforcement of a soft iron matrix. Furthermore, iron and TiC wet each other
very well [3]. In comparison with tungsten carbide (WC), TiC has 33% higher hardness, a
lower density and higher thermal stability. [4]. Thus, TiC can be used in the manufacture of
wear-resistant parts, cutting tools, grinding” wheels; high temperature heat exchangers,

magnetic record heads, turbine engine seals; and electrode or coating materials [3].

Iron is typically s:)rnthesjized via'e):cl’é;;c;tion& or reduction of iron ores through such
techniques such as mechanochemical.processing or :éarbotherrnal reduction, thermal plasma
synthesis and self-propagating high temperature synthesis (SHS) [5]. Carbothermal reduction
via mechanical activation (MA) has been used to produce advanced materials such as
synthesized oxide material for extraction to produce metallic material. Thus, this method has
been comprehensively studied in the fields of extractive metallurgy, materials synthesis and

production of nanocrystalline and amorphous materials [6].

Collision energy during mechanical milling activates a chemical reaction by
decreasing the activation temperature. Thus, this process has been used in mineral processing
to produce finely ground particles, to increase surface aréa and to improve chemical reactivity
of the milled product [6]. The fraction of milling eﬁergy transferred to the powder mixture
may affect the properties" of the powder l:;’ywincreasiinéa:crystal.. defects such as dislocation,
structural distortion, and ;tom displaceméﬁf as well as-by the formation of amorphous phase
[7]. Thus, during mechanical milling chemical reactions,could occur at particle contact areas,

changing the composition of the powder mixture.

Mechanical activation has been“used to reduce iron oxide with reductant materials

such as graphite in order to produce 'i'ron powder [7]. According to Brown and Owers [8]

>

synthesis of metal powder using abundant,| relatively inexpensive| oxide raw materials ﬂs




promising. For example, Brown [9] has reported reduction of ilmenite (FeTiO3) by adding
carbon to produce a fine powder of iron-titanium carbide mixture under argon or vacuum
atmosphere. Anatase (TiO;) has also been reduced with carbon to produce TiC [5, 10].
However, these studies have dealt"'wi'fthca"xﬁgthglmal teduction of single metal oxide to
produce iron, TiC or TiC-reinforcéd iroﬁ- cotnpbsééé [5,. 10F: Carbothermal reduction of metal

oxide mixtures to produce TiC-reinforced irom compesite hasiot yet been reported.

L e

In this study, instead of ilmenite: (FeTfOzj, a mixture of two metal oxides, with
hematite (Fe;O3) as iron source and anatase (TiO,) as titanium source, was chosen for
reduction with graphite to produce a Fe-TiC composite. These materials were selected to take
advantage of the relative cheapness and abundance of raw hematite while compromising on
the required properties of an iron-based composite. The reduction of the mineral hematite
(Fe203) with anatase (TiO;) and graphite (C) results in the formation of a fine powder

consisting of iron metal and titanium carbide, as summarized in Eq. 1:
Fe,03+ TiO;+ 6C > 2Fe+TiC+5CO 1)

This study investigated the effectiveness of carbothermal reduction of hematite and
anatase with aid of a mechanical milling process. Density and hardness of the Fe-TiC
composite were correlated with }ha_microstrgc’g:;g of the obtained composite.

F AT )

2. Experimental Procedure o '

A mixture of hematite (Fe203;95% pﬁre,, <10pm), anatase (Ti02;99% pure, <0.16 pm)
and graphite (C;99.8% pure, <0.1 pm).p&vvders with composition corresponding to Fe-
20vol%TiC was milled in a high-energy Fﬁtsch Pulverisette P-5 planetary mill for various
milling times, i.e. Oh (mixed powdj‘r), 10h, 20h, 30h, 40h and 60h. The ball to powder ratio

by weight was10:1, and stainless steel balls of similar digmeter (20 mm) were ysed. Phase




formation of activated powder was analyzed by x-ray diffraction (XRD). The particle size of
the activated powder was measured by Mastersizer particle size analysis. As-milled powder
was consolidated using cold pressing at a constant pressure of 100 MPa. Heat treatment for
sintering and carbothermal reduction was performed in a vacuum furnace for 1 hour soaking
time at a temperature of 1100°C. The siritered péll’ét was anal);zed by XRD to investigate the
formation of TiC in the iron matrix after carpg'gl}enn;al.reduction of metal oxides. Crystallite
size and internal strain of hematite (Fe293) were gglculated using two of the highest intensity

XRD peaks of hematite via the Williamson-Hall method, as shown in the following equation
[11]:

B, cosf = 0’8;)“ +21Sin@ 2

where 9 is the Bragg angle, D is the average crystallite size, B, is the line broadening, A is
the X-ray wavelength and 7 is the internal strain. The microstructures of the as-milled
powder and the sintered Fe-TiC composite were observed under scanning electron
microscopy (SEM) in secondary electron and backscattered electron modes. Formation of
iron matrix and TiC reinforcement phases was confirmed by energy dispersive X-ray (EDX)
and XRD analyses. Archimedes’ principle ‘was used to measure sintered density whilst the
Vickers microhardness test was usedmtp aload of 05 kg and 1Q s dwell time to measure the

hardness of the composite.




3. Results and Discussion

3.1 XRD Analysis

Fig. 1 shows the XRD patterns of 'acti_;r_atedapowden mixtures of Fe;O3, TiO, and C
which had been milled for 0 h-60 h.- The ,un-mﬂlédéahnple (0 'h) shows sharp Fe,0;, TiO, and
C peaks since these three were the main starting powders. Broadening of all the peaks was
observed when mechanical activation began. With milling for 10'h-40 h, the intensity of all
peaks reduced with increasing milling time. In particular, the height of the graphite and TiO,
peaks dramatically declined once milling was started, indicating the refinement of as-milled
powder and the formation of amorphous structure. Schaffer and Forrester [12] have reported
that during ball to powder collision, the milling energy exerts a greater effect on graphite
particles than on hematite (Fe,O3) since graphite is softer than hematite and therefore its
structure is easily deformed and transformed into an amorphous state during ball milling. The
disappearance of graphite peaks was similarly found in a previous study [7] when hematite
and graphite were activated. The reduction of intensity with the broadening of Fe;0s, TiO;
and C XRD peaks during milling for 10 h to 40 h aligns with the findings of Razavi and
Rahimipour [10], who observed that peaks showed a small broadening as well as reduction in

intensity as FeTiO3 and C phases became finer.

A sudden phase transformation of hematite (Fe,O;) to magnetite (Fe304) occurred
when the mixture of raw materials was milled for 60 h. The appearance of magnetite resulted
from the mechanical activation of hematite-particles at longer milling time due to reduction of
hematite. This finding suggests that sufficient reduction energy was provided by the
transferred energy from the impact energy of balls on the as-milled powder during
mechanical milling to promote this transformation to magnetite. According to Tahmasebi et

al. [7], the energy of activated hematite and graphite particles fincreased locally due tq ball to
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ball or ball to jar wall impact. They also reported that the presence of graphite in activated
hematite facilitated the reduction of hematite to njlagnetite as a consequence of the presence
of fresh and highly excited powder surfaces as particles fractured in the intense and localized
impact of milling. A similar result was achievedby Matteazzi and Le Cagr [13], who found
that the hematite was converted to nanocrystalline:magnetite phase with an average crystallite
size of 10 nm after 70 h of high energy dry mﬂﬁﬁg-m&énraé-ﬂi&ogen atmosphere. It would be
difficult to further reduce an oxide material suck as hematite. to: metallic phase because the
stored energy in activated material is not high enough to ové;come the endothermic reduction

of iron oxide by graphite [7, 13-14].

Using the Williamson-Hall method, the XRD patterns were used to calculate the
crystallite size and internal strain of the as-milled powder. Fig. 2 shows the data for crystallite
size and internal strain for hematite and magnetite. According to Fig. 2, with increasing
milling time, the crystallite size of hematite and magnetite particles decreased while the
internal strain increased. The crystallite size of hematite drastically reduced from 89.23 nm (0
h milling) to 50.82 nm (10 h milling) due to considerable fracturing during mechanical
milling. The rate of crystallite size reduction decreased with milling for 10 h to 40 h because
the level of refinement of powder mixtures appeared to become almost stable with prolonged
milling. The wide difference in crystallite sizes of powder milled for 40 h (31.81 nm) and
powder milled for 60 h (18.15 nm) is probably caused by the phase transformation from

hematite to magnetite.




Fig. 4 shows XRD patterns of consolidated pellets prepared with different milling
times and sintered at 1100°C. It was observed that only Fe and TiC peaks present with iron
became the major composition in the sintered products prepared from milled powder. For the
pellet made of un-milled powder (0 h), Fe beaks were detected but not TiC peaks. However,
for pellets formed from powders afterl0 h..ﬂmg timer and longer, both Fe and TiC phases
were identifiable. Fe diffraction peaks slightly broadened with increasing milling time.
However, the intensity and broadening of}F% ;and TiC peaks for milling tinﬁes of 10 h until 40
h were almost same. Although the peaks oi‘ Fe and TiC-were clear, the XRD patterns show

that the structure was not perfectly crystalline.

Without heat treatment, the formation of titanium carbide-reinforced iron composite
did not occur as the heat produced during milling was insufficient. The energy transferred to
the powder and the increase in internal energy of the particles during mechanical milling was
not enough to initiate the reaction to form Fe and TiC phases. Therefore, the reaction forming
Fe and TiC phases only took place during sintering at 1100°C. At 0 h, phase of Ti,O;
resulting from the reduction of anatase (TiO;) was detected. The reaction leading toTiC
formation did not happen during heat treatment of non-mechanically-activated powder since
the activation energy of the powder was too low. However, at 60 h of milling, the formation
of iron matrix was clearly detected in m'peaks as a.result of reductic'm of magnetite to iron
metal, a finding which agrees with that of previous work:[6]. It may be that TiC peaks could

not be detected because of the high lével of refinement of-anatase with prolonged milling.
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Based on reaction (1), an Ellingham-Richardson diagram for the formation of l;‘e-TiC
from oxide metals was plotted (Fig.5). The Ellingham-Richardson diagram shows the lowest
temperature allowing the reaction forming Fe-TiC composite to take place is about 900°C
(1173K), corresponding to free Gibbs energy;(AG®) equalto zero. The freé Gibbs energy for
the equilibrium formation accorciing tc; reaction ( 1) can be calculated based on the following

equation [15-16]:
AG°®=981922.25 - 837.691T - 3)

where temperature and energy are in terms of Kelvin and Joule, respectively. Fig. 5 shows
that sintering the consolidated pellet at 1100°C (1373 K) enabled the reaction to occur and to
become endothermic as the free Gibbs energy has a negative value at this temperature. Fig. 5
also shows that the partial pressure of CO, which is affected by continuous transformation of
CO and CO, gases during the reaction, varied across temperatures. The formation of Fe-TiC
composite at 1100°C (1373 K) sintering temperature only successfully occurred when the

partial pressure was less than 6.45 x 10° Pa.
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Fig. 5. Ellingham-Richardson diagram and effects of partial pressure of CO on reduction of

hematite and anatase

Razavi et al. [4] have found that the formation» of TiC phase after carbothermal
reduction of activated TiO only successfully occurred after heat treatment at 1250°C.
However, results of the present work show that carbothermal reduction of activated TiO, and
Fe,03 mixture forming Fe-TiC could take place at a temperature as low as 1100°C. This
finding suggests that besides acting as themetal matrix for Fe-TiC composite, hematite is
important in its role as a catalyst for reducing the carbothermal reduction temperature of
TiO,. This explanation is supported by Setoudeh et al. [17], who observed that addition of
free iron caused the carbothermal reduction of anatase to start at a lower temperature than

that required with no addition of free iron.

Comp‘aring the XRD patterns|of sintered pellets prep£red using non-milled ahd milled

Fe,03-Ti0,-C mixtures (Fig.4), TiC|phase was present only in the milled pellets, indicating




that the carbothermal reduction of hematite and anatase mixture during sintering at 1100°C
only took place in the milled pellet. Thus, it can be concluded that although the sintering
temperature was higher than 900°C, which represents the minimum temperature required for
the reaction to take place as indicated by the free Gibbs energy calculation, the reaction to

form TiC was found not to occur diiring- sintering at 1100°C without prior mechanical milling.

3.2 Microstructure Evolution

The morphology of activated composite powders with various milling times was
observed under SEM using ‘secondary electron mode, as shown in Fig. 6. In the un-milled
mixture, hematite and graphite particles can be easily recognized because the powders were
just blended due to low mixing energy. This confirms the XRD analysis of the un-milled
sample, in which peaks of the starting materials (hematite, anatase and graphite) were clearly
detected. The flaky shape of graphite was also clearly observed. The morphology of the
starting powder changed after mechanical activation, especially in terms of particle sizes and
shapes. However, after 60 h milling, agglomeration of powder occurred because fresh and

atomically clean surface fractured powders were cold welded during prolonged milling [5].




Fig. 6. SEM micrograph of hematite—anatase-graphite with different milling times: (a) Oh, (b)

10h, () 20 b, (d) 30 h, (¢) 40 hand () 60 h . .

Fig. 7 shows the SEM (backscattered electron mode) image of the microstructure of
sintered Fe-TiC prepared using powders milled for 10 h to 60 h. The microstructure shows
distribution of enriched titanium carbide (grey area) within the iron matrix (white area). For
powders milled up to 40 h, the microstructures of the compoéites were very similar except
that the carbide was more uniformly distributed in the iron matrix with increasing milling

time. In ﬂre EDX image in Fig. 8 the enriched TiC phase is seen embedded honjlogenously in




the iron matrix. It is suggested that the white ‘A’ area is the iron matrix as the weight
percentage of iron was as high as 95 wit%. Furthermore, the grey ‘B’ area contained
approximately 40 wt% of the enriched Ti and C elements that comprise the TiC

reinforcement. Therefore, good distribution of TiC reinforcement was achieved when milling

=

was performed for 30-40 h. v o i

<4
M o

;. d
¢

e
wea @ B, B

Fig. 7. Microstructure of sintered pellet of Fe-TiC composite with different milling times: (a)

[—

10 h, (b) 20 h, (¢) 30 h, (d) 40 h and (e) 60)
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The TiC reinforcement phase appears to have a good interface with the iron matrix
[3], since the iron matrix coats the TiC phase very well without gap or porosity. Pagounis et
al. [1] have reported that titanium carbide binds very well with the iron matrix, possibly
because of the thermodynamic stability of titanium carbide in an iron matrix. The formation
of cavities may have been caus%d by-CO and COz gases released during heat treatment, the
source of porosity formation in 1he sintered pelifet. The cavities. or voids (black areas) in the
iron matrix reduced in size'withi mcrgasing.mﬂﬁng time. However, brolonging milling until
60 h caused considerable morphological differences in the microstructure of the Fe-TiC
composite, probably related to the change in the activated powder after milling from hematite

to magnetite phase.

3.3 Particle size of as-milled powders

The change in particle size in the as-milled powder with milling time (Fig. 9) is
explained by the stage of fracturing and rewelding of the mixture. Without milling, the
particles were much coarser. The decrease in the particle size after 40 h milling was caused
by successive ball to powder impacts, resulting in the progressive refinement of powder
particles due to fracturing [18]. However, at 60 h milling, particle size increased and
coarsened slightly compared to that of powders with 40 h milling due to agglomeration and
rewelding of the highly refined powder during/riiflling#The presence of magnetite phase after

60h milling could be the reason for an increase inr particle size.
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Fig. 9. Particle size of activated powder at different milling times

3.4 Density measurement

Fig. 10 shows the density measurements for consolidated and sintered pellets. As
shown by the graph, the consolidated.pellets had lower density than that of the sintered
pellets. The lower density of consolidated pellets is caused by the presence of pores due to
the low pressure (100 MPa) applied on the powder during consolidation. After sintering, the
pellet exhibited higher density. The number of pores in the consolidated pellet decreased as
the sintered pellet became denser due to atomic diffusion during high temperature sintering,
which accelerated the particle-particle bonding formation. However, at longer mﬂling time
(60 h), the densities for both consolidated and sintered pellets suddenly dropped. Density in
the 60 h milled consolidated pellets was much lower than that of other milled powders, thus

lowering the density of the sintered|composite.




This decrease in density resulted from the coarser particle of the activated powder at
60 h milling. The coarseness of the particle;s decreased the number of mechanical contac.ts
formed among the particles during powder consolidation in forming the consolidated pellet
[19]. The sudden drop in sintered density of the 60 ki milled powder can be explained by the
formation of open pores, as showx;_: by SEM micrograph{Eig. 7(e)].In addition, the presence
of magnetite phase instead of hen:‘latite'phase» in the 60k r;illed -powder also contributed to
the drop in sintered density since the"physical properties’ of magnetite and hematite are
different, so the compressibility of magnetite= and hématite-containing powders and

consequently their sinterability are also totally different.
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Fig. 10. Green density and sintered density of Fe-TiC compact at different milling times




3.5 Microhardness of Fe-TiC composite

Results of Vickers microhardness test of the Fe-TiC composite are shown in Fig.11.
The trend seen in the results appears to  be:that the hardness of titanium carbide-reinforced
iron composite that was developed via: carbotliermal: reduction of hematite and anatase
increased with increasing milling time. After-sintering,the hardness of the non-milled sample
could not be measured because sintering produced a: porous iron matrix via reduction of
hematite [19]. The increment of hardness in the milled composite is attributable to the
formation of TiC reinforcement in the iron matrix as well as to the fineness of the powder.
This agrees well with the findings of Ramesh et al. [20] since the hardness of the soft iron
matrix can be improved by adding ceramic particle reinforcement. The homogenous
distribution of fine TiC particle reinforcément in the iron matrix resulted in enhancement of
the composite hardness. In addition, the increase in strain and dislocation with prolonged
milling time significantly improved the hardness of the composite prepared with longer
milling times. However, at60 h milling time, the hardness value decreased slightly, as can be
explained by the transformation of hematite phase to meignetite phase as well as by the

presence of pores in its microstructure.
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Fig.11. Microhardness (Hv) of Fe-TiC composite made with different milling times and

sintered at 1100°C

Based on the findings, formation of Fe-TiC composite through carbothermal reduction of
hematite and anatase mixture in this work can be proposed according to Fig. 12 which
involves three stages, which are:

(a) Mechanical milling of Fe;03-TiO; -C mixture for particle:size reduction and increment of
activation energy

(b) Reduction of Fe;O; and TiO, by € and. CO gaswhich has been formed through reaction
between oxygen and graphite duﬁngsinteﬁhé at 1100°C

(c) Formation of Fe-TiC composite sir;ce tﬁe. formation of TiC is more favorable due to lower

Gibbs energy compared to the formation of FeC.
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Fig.12. Schematic of Fe;03-TiO, -C carbothermal reduction mechanism

4. Conclusion

Mechanical milling of hematite (Fe,O3) and anatase (TiO;) mixture with graphite as
reductant agent produced hematite (Fe2O3) phase in activated powder that had been refined,
forming an amorphous structure after milling up to 4A0 h. After 60 h milling, magnetite
(Fe;04) peaks appeared in the XRD pattern as a result of phase transformation by reduction
of hematite with graphite. As milling tiine intreased;: crystallite size, internal strain and
average particle size decrease.c-il... The reaction:forming TiC did not occur during sintering at
1100°C without mechanical milling, although the sintering temperature was higher than
900°C, the minimum temperature for.the reaction to take place, which suggests the

importance of mechanical milling in reducing the reaction temperature. SEM observation and

" EDX analysis of sintered Fe-TiC composite showed a homogenous distribution of TiC

reinforcement throughout the irdn matrix after 30-40| h of milling time. The Fe-TiC




composite developed using this method showed the good interfacial bonding that is required
for good properties of the metal matrix composite. Density and hardness of the composite
increased as milling time increased up to 40 h due to the formation of fine TiC and its
homogenous distribution in the iron. matrix; However, the formation of magnetite in the as-

milled powder after 60 h milling‘-reduced the density-and hardness of the Fe-TiC composite.
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Experimental Procedure

Hematite (Fe;03), titanium oxide (TiO;) and graphite (C) were used as raw materials. The
mixture of raw materials which correspond to Fe-20vol%TiC were milled by using a high-energy
Fritsch Pulverisette P-5 planetary mill in various milling time i.e. 0 h (non-milled), 20 h, 40 h and
60 h. The weight ratio of ball to powder was 10:1. The milling process was done in argon
atmosphere. XRD analysis was carried out:in order to identify phase formation in the as-milled
powder. The as-milled powder was compacted under 100MPa of pressure by using cold press
machine for consolidating the as-milled powder. The pellet was sintered in a vacuum furnace at
1100°C of sintering temperature for 1 hour and then cooled in furnace to room temperature. The
sintered pellet was analyzed by X-Ray diffraction (XRD) analysis to investigae the formation of
TiC in iron matrix after carbothermal reduction of oxides material. The microstructure of sample
also was observed by scanning electron microscopy (SEM) analysis and the composition of sample
was analyzed by energy dispersive X-ray (EDX) analysis.

Results and Discussion

XRD patterns of the sample containing Fe;03, TiO2 and C which was milled for 0-60 h are
shown in Fig. 1. The results show that without milling (0 h), peaks of Fe,03 TiOzand C are clearly
detected. After milling (20 h-40 h), the intensity of all peaks reduced with increasing milling time.
Compared with the XRD pattern taken from the same composition without milling (0 h) and after
milling, the graphite and TiO, peaks were dramatically reduced when milling started. Therefore
graphite structure is easily deformed during mechanical activation. Graphite peaks completely
disappeared after 20 h milling time is in agreement with the results of previous study [7]. All the
peaks of as-milled powder were continuing decreased in intensity and increase in broadening by
increasing milling time from 20 h to 40 h. But at the longer milling time (60 h), phase
transformation occurred whereby hematite (Fe;O3;) was completely transformed to magnetite
(Fes04). This occurs because of the required surface free energy is enough to change the phase and
modified structure of hematite to magnetite. The similar result also achieved by previous research
whereby hematite phase changed to magnetite phase after 70 h milling in high energy milling [8].

Fig. 2 shows XRD patterns of sintered Fe-TiC compact at different milling times at 1100°C. It
was observed that Fe diffraction peaks slightly broadened with increasing milling time after
sintering. At 0 h of milling time, Fe and C peaks were detected but TiC peaks were not detected.
However after milling for 20 h and above, both Fe and TiC phases were identified. It is noted that
the broadening of Fe and TiC peaks of 20 h until 40-h-was slightly the same. This result suggests
that without applying heat, éthe- internal ienergy of-the particles: obtained during mechanical
activation is not enough to initiate the reaction to form:Fe and TiC phases. At 0 h, phase of Ti,O3
was detected because effective mechanical activated: powder particles cannot be achieved by
conventional mixing process. Through high energy ball milling, the energy transferred between
powder particles and milling media was more efficient: Tt was reported by Schaffer and Forrester
[9] that the collision frequency plays a role to produce effective collision event. This produces the
activated powders which can easily react with carbon as mechanically activated carbon become an
effective reductant for Fe,O3 and TiO [1].

Fig. 3(a) shows microstructure observation of Fe-TiC composites after sintering at 1100°C. The
sample milled for 40 hours shows the distribution of iron and TiC enriched areas. The white region
(‘A’ area) representing iron matrix and the dark region (‘B’ area) represent rich side of titanium
carbide. This conclusion is supported by energy dispersive X-ray (EDX) analysis where Fig. 3(b)
shows the higher percentage of iron ma%‘:x composition in whit¢ region whilst Fig. 3(c) represent

for dark area shows the enrichment of titanium carbide reinforcement formation. It is observed that
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a homogeneous distribution of titanium carbide reinforced iron ba
40 hours milling time and sintered at 1100°C.
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Fig. 1: XRD patterns of Fe;03-TiO, -C powder as-milled with milling times of 0 h, 20 h, 40 h and
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R1: Fe,03 + 3TiO;+4C > 2Fe +
R2: Fe;03 + 2 Tiz0s+3C -> 2Fe

Ti30s + 4CO
+ 3Ti;03 +3CO: -

R3: Fe,03 + Ti203 +4C > 2Fe + 2TiO +4CO

R4: Fey03 + Ti,03+ 5C > 2Fe +

TiC +4CO

RS5: Fe,03 + TiO, + 6C => 2Fe + TiC + 5CO

Fig.4 shows Ellingham Diagrams of formation Fe-TiC from hematite and anatase at 1100 °C
(1373 K) based on thermodynamics calculation theory. Based on RS, minimum temperature of

reduction reaction is 894.15 °C f

carbothermal reduction is about -
1100 °C |which has been prove
temperature of formation Fe-TiC

d by XRD analysis. Hig.5 shows partial pre
whereby the pressure refeased by CO for RS is

to form Fe-TiC and Gibbs energy (AG) for overall reaction of
19 x 10° J. Therefore, itlis possible to form Fe-TiC composite at

ssure of CO vs
below than 13 x
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10%kPa which indicates that the reaction goes forward as predicted by Le Chatelier’s prmmple [10-
11].
Summary

The XRD diffraction pattern showed that the hematite (Fe203) phase in the as-milled powder was
broadened with increasing milling time; (Oh-60h) .Magnetite (Fe;O4) peaks appeared in XRD pattern
sample milled for 60 h which iridicated that some: of. hematite particles have been reduced to
magnetite due to milling in the presence of graphite: Mechanical activated sintering at 1100 °C of
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the Fe;03- TiO,-C compact transformed the phases:toFe-TiC composite with enhanced intensity of
Fe peaks in XRD patterns.. The; fom}atlon{ of Fe-Tlc acompomte was also confirmed by SEM

examination and EDX ana1y51s
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Abstract. In this study, the formation of Fe-TiC composite through carbothermal reduction of

‘ hematite and anatase was investigated with various sintering temperature. Mixture of hematite and

) anatase powders was milled with graphite for 20 hours in a high energy ball mill in argon

( atmosphere with composition of Fe-30%volTiC. The as-milled powder was analyzed with X-ray

diffraction analysis and the result shows broadening of hematite peaks with disappearance of
anatase and graphite peaks due to refinement of powder and diffusion of carbon. The as-milled
powder was cold pressed under 200 MPa and sintered in argon atmosphere at various sintering
temperature i.e, 1200°C, 1300°C and 1400°C. Higher sintering temperature facilitated reduction of
hematite and anatase to produce Fe-TiC composite.

Introduction

Development of iron based composite considerably attracts many interests due interest due to an
outstanding properties for wear resistance in chemical and process industries application [1,2]. Iron
based composite commonly reinforced by:ceramic materials such as Al,03, ZrO,, TiN,, SisNs and
TiC [1]. Among ceramics reinforcement, TiC has proved its suitability in Fe. TiC is extensively
used in iron matrix because its extremely good properties such as good wettability, high hardness,
low density and thermal stability since it is.usefu} for manufacturing of cutting tool, grinding wheels
and steel-coated press tools [1,3,4].

There are several routes for fabrication of iron” based composites such as powder metallurgy,
conventional melting and casting and carbothermal.reduction route [1]. The carbothermal reduction
of iron oxides by reductant materials performed by mechanical activation improved the rate of
reduction because energy during mechanical milling provides a driving force for reaction to take
place [5,6]. The energy transferred to activated powder during milling influences kinetic of
chemical reactions between powder due to an increase in crystal defect such as dislocation density
and structural distortion which are associated with the formation of amorphous structure [5]. For -
example, synthesis of Fe-TiC by reduction of ilminite (FeTiO3) with graphite successfully occurred
at 1250°C after 50 h milling [6]. Without milling, phase of Fe and TiC cannot be observed by XRD
analysis after 1250°C of heat treatment temperature [6]. Meanwhile, TiC is commercially produced
by reduction of TiO; by carbor in a temperature range between 1700°C and 2100°C [7].
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Besides the reduction of ilmenite (FeTiO3), the possible carbothermal reduction of hematite and

anatase with graphite result in formation of Fe-TiC composite should occurs as summarized in Eq.
1:

Fe;03+ TiO,+6C > 2Fe+TiC+5CO .- - .- )

Thus, the aim of this study is to investigate:the smmble hieat-treatment temperature of formation
iron based composite reinforced titanium carbide by using:iron oxide (Fe;03), titanium dioxide
(TiO,) and graphite. The temperatures selected:are irzthe range. for solid state sintering.
Experimental Procedure o

A mixture of hematite (Fe203), anatase (TiO2) and_grap}nte were mechanically milled together in
argon atmosphere by using a high-energy Fritsch :Pulverisette P-5-planetary mill for 20 hours
milling time. The milling speed was set at 400 rpm. The weight ratio of ball to powder was 10:1.
The activated milled powder which corresponds to Fe-30%TiC was analyzed with X-ray diffraction
(XRD) analysis in order to identify phase presence in the as-milled powder. The milled powder was
consolidated under 200 MPa of pressure by using cold pressing machine. The pellets was heat
treated in tube furnace with argon flow in various temperature i.e 1200°C, 1300°C and 1400°C at
heating rate of 10°C/min for 1 hour of soaking time and cooled in furnace to room temperature. X-
Ray diffraction (XRD) analysis was done on the sintered pellets to investigate the formation of TiC
in iron matrix after carbothermal reduction of oxide metals at high temperature.

Results and Discussion
Fig. 1 presents the XRD pattern of the as-milled powder after 20 hours milling time. The phase
detected by XRD in the sample is only hematite (Fe,O3). The disappearance of TiO, and C phases
in the as-milled powder most probably because of the formation of amorphous structure during
mechanical milling since the powder particle undergo repeated flattening, cold welding and
fracturing [8]. The absent peaks of C and TiO; also indicate that these phases are easily deformed
and changed into an amorphous structure compared with the harder Fe,O3 phase after milling [4].
The mixture cannot be reduced to form Fe and TiC phases after milling because Fe;O3 and TiO, are
very stable phases and formation of Fe-TiC composite needs a larger amount of energy that cannot
be provided by milling process.

X-ray diffraction of sintered pellet of difference heat treatment temperature is shown in Fig. 2.
The presence of Fe and TiC indicate the successful of carbothermal reduction of Fe;0; and TiO;
after sintering. The intensity of iron and titanium carblde peaks increased with increasing sintering
temperature. At 1200°C of heat tleatment, the mienmty of Fe and TiC peaks is low compared with
higher temperature. This s1tuat10n “occurred-Because™of b significant effect in enhancement of
reduction rate with increasing temiperature: lncreasmg the carbothermal reduction temperature to
1400°C significantly enhanced the formation of TiC' phases Stronger intensity of Fe and TiC peaks
are obviously seen after sintering at 1400°C.. = -
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Fig. 1: XRD pattern of Fe;03-TiO,-C as-milled powder after 20 h milling

Mechanical milling of mixture plays the major effect of carbothermal reduction at lower
temperature. The statement is well agree with Razavi and Rahimipour [6], who observed after 50
hours of mechanical milling, FeTiO; has been reduced by C to form Fe-TiC after sintering at 1250
°C compared with non-milled sintered pellet whereby the Fe-TiC was not observed at the same
sintering temperature. Besides, mechanical milling also plays a function as a medium to overcome
the solid-state diffusion limitation of the mixture by increasing the crystalline defect such as
dislocation, small particle size, formation of amorphous phase and atom displacement which reduce
the heat treatment temperature to form Fe-TiC composite [4,5].

j ¢ Fe
* TiC

Intensity (counts)

1300°C

WWMWAWM 1200°C

2-Theta - Scale

Fig. 2: XRD patterns of Fe-TiC romposite formation at various heat treatment temperatures
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Summary

In this study, the amorphous structure of hematite and anatase has been obtained after 20 hours of
mechanical milling since TiO, and C phase not been. The carbothermal reduction of hematite and
anatase was significantly affected by sintering temperature. The reduction rate increased with
increasing sintering temperature. The formation of TiC-reinforced iron based composite of milled
powder in argon flow was possible to take place-at low temperature (1200°C) as shown in XRD
pattern.
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