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performed to determine the range that Fe can be added to the reaction and remain self sustaining. According to
the Merzhanov criterion, if the amount of Fe is lower than 53.13 wt.%, the adiabatic temperature of the reaction is
higher than 1800 K and therefore the reaction proceeds in the self sustaining mode. But, experimental observa-
tions showed that the reaction became unstable when the amount of Fe was changed from 15 to 20 wt.%, which
was considerably lower than that was predicted by thermodynamic calculations. X-ray diffraction analysis
indicated that FesAl, TiC and Al,05 are the main phases formed in the products and additions of Fe decreased
the lattice parameter of TiC. Also, Raman spectroscopy analysis showed that at higher Fe contents, oxygen
dissolved in the TiC crystal structure leading to the formation of titanium oxy-carbide with lower lattice param-
eter and residual un-reacted carbon in the products. The adiabatic temperatures for the reactions containing 15
and 20 wt.% Fe estimated using the thermodynamic data of the new products were in conformance with the
Merzhanov criterion and experimental observations. Scanning electron microscopy examinations showed that
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the addition of Fe decreased TiC particle size and changed their growth controlling mechanism.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

The particle reinforced metal-matrix composites are a group of
materials which can be used in wear and corrosion resistance applica-
tions because of their low costs, the ease of fabrication, high stiffness
and elastic modulus and isotropic properties [1,2]. Despite of the higher
density of iron base composites, their lower output costs and more
isotropic properties make these materials attractive for many applica-
tions. The types of reinforcements, their compatibility with the matrix
and their volume fraction have considerable effects on the properties
of these composites [3]. Among all ceramic reinforcing particles,
titanium carbide (TiC) due to its outstanding properties including high
melting point (3250 °C), high hardness (2890-3200 HV), low density
(4.93 g/cm?®), high elastic modulus (269 GPa), excellent corrosion
resistance and good thermodynamic stability with the Fe melt is a
proper candidate for fabricating Fe based composites [1,4].

The combustion synthesis process is a low cost and quick process for
the production of different ceramics, ceramic matrix and metal matrix
composites [5-8]. This procedure usually is divided into two different
categories called volume combustion synthesis (VC) and self propagat-
ing high temperature synthesis (SHS). During VC, samples are heated

* Corresponding author. Tel.: +98 5518805107.
E-mail address: vahdati@um.ac.ir (J. Vahdati khaki).

http://dx.doi.org/10.1016/j.ijrmhm.2014.07.006
0263-4368/© 2014 Elsevier Ltd. All rights reserved.

uniformly to the reaction initiation temperature. Then, the reaction
starts in all parts of the sample simultaneously. But, in SHS process, a
small part of a sample is heated by a localized heat source like a tungsten
filament. Once the reaction starts, the heat liberated provides
the necessary heat for its propagation along the entire sample.
Lower costs and simplicity are the advantages of SHS over volume
combustion [8].

Fabrication of TiC and composites containing this compound by the
SHS process was the main topic of many researches [5-7,9-18].
Among different combustion reactions, reduction of titanium oxide
(TiOz) with aluminum in the presence of carbon is an exothermic
reaction which goes to the formation of a composite which consists of
TiC and aluminum oxide (Al,05). This reaction, which usually is called
aluminothermic reduction of TiO, is as follows:
3TiO, + 4Al + 3C—3TiC + 2Al,0; AH,qg = —1072.7 KJ. (1)

If a metallic element is added to this reaction and it only acts as a
diluent agent, different metal matrix composites consisting of TiC and
Al, 05 particles as reinforcements can be created. Xia and others [17]
produced Al-TiC-Al,05 composite by adding excess Al to reaction 1.
They showed that the critical molar ratio of excess aluminum, which
the combustion reaction can self-sustain with a preheat temperature
of 400-500 K is 7.66 mol. Zhu and co-workers [18] controlled C/TiO,
molar ratio to fabricate different composites including AlsTi-Al,03,
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Al3Ti-Al,05-TiC and Al,03-TiC. Recently some attempts have been
performed for fabricating Fe-TiC-Al,O3; composite from ilmenite
concentrations by carbo-aluminothermic reduction process [3,19]. But,
there is no report on the effect of Fe additions to the aluminothermic
reduction of TiO, in the open literature. So, in the present work we
added various amounts of Fe to reaction 1 and investigated the effect
of this parameter on combustion velocity, microstructure and phases
that are formed after SHS.

Thermodynamic calculations

The aluminothermic reaction of titanium oxide in the presence of
iron considered in the present work is as follows:

3Ti0, + 4Al + 3C + xFe—3TiC + 2Al,0; + xFe. )

According to thermodynamic data, in the absence of Fe, the enthalpy
of this reaction is extremely negative and hence it is considerably
exothermic, but the addition of iron decreases the heat released from
this reaction. So, before experimental investigations, thermodynamic
calculations were performed to determine the range that iron can be
added to reaction 2 (x) and still it will remain self-sustaining.

In exothermic reactions, if the conditions are assumed to be
adiabatic, the heat liberated from the reaction can increase the final
temperature of the wares. The highest temperature that a reaction
system can reach is adiabatic temperature (T,4) and can be calculated
using the following formula [7]:

Ty Tog
—AH(Z)98 = /nCp(products)dTJr nAH, + /nCp(products)dT (3)
298 T,

AH3qs is the difference between the formation of molar enthalpy of the
products and raw materials at 298 K, n is the mole of each product and
G, is the molar heat capacity. If there is any phase change in products
during heating, it should be considered in the calculations. So, in the
previous formula, T, is the transformation temperature and AH, is the
molar enthalpy of transformation. Also, if a material is added to the
reaction as diluents, its heat capacity should be added to the product's
heat capacity. Combustion wave stability is dependent on the heat
generation by the reaction and heat dissipation to the surrounding
area and remaining reactants. The low adiabatic temperature of a
reaction indicates that the heat generated by this reaction is low and
therefore this reaction cannot propagate in a stable mode [8]. According
to the experimental criterion of Merzhanov [8,9], in an exothermic
reaction if the calculated adiabatic temperature is higher than 1800 K,
it can be self-sustaining and the process is called self propagating high
temperature synthesis (SHS). The effect of Fe additions on the adiabatic
temperature of reaction 2 is shown in Fig. 1. Also, thermodynamic data
used for calculating the adiabatic temperature is presented in Table 1.
According to Fig. 1, adiabatic temperature of the aluminothermic
reaction of titanium oxide is 2371 K and addition of iron decreases it
with a non-uniform trend. The two steps at 2325 K and 1809 K are
associated with the melting of alumina and iron, respectively. According
to thermodynamic calculations, if the iron added to the reaction is lower
than 53.13 wt.%, adiabatic temperature is higher than 1800 K and it is
expected that the reaction will be self-sustaining.

Material and methods
Materials

The raw materials used for combustion synthesis were titanium
oxide (TiO, Anatas, purity higher than 99.5%, <45 um), activated carbon

(Merck, 102184), fine aluminum powder (Rankem, A2265) and iron
powder (purity higher than 99 wt.%, <200 pm). According to the
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Fig. 1. Effect of Fe additions on adiabatic temperature of reaction 2.

above calculations, the amounts of Fe added to the reaction were
between 0 and 60 wt.%. Before SHS, these raw materials were mixed
in a planetary ball mill for 30 min with a ball to powder ratio of 10:1
using stainless steel balls to produce a homogenous mixture. Then, the
mixtures were pressed in a tool steel die and cylindrical compacts
with 14 mm diameter, 21-22 high and 57-59% of theoretical density
were prepared.

Experimental procedure

The combustion synthesis process was performed in argon
atmosphere with purity higher than 99 wt.%. Fig. 2 shows a schematic
representation of SHS chamber. Prior to SHS, the argon gas was purged
into the chamber with a flow rate of 6 1/min for 3-4 min to ensure that
the air in the container is minimized. Also, during synthesis and cooling
of samples, the gas flow rate was kept constant at4 1/min. The necessary
heat for ignition of the reaction was provided by passing a 170 A
electrical current through a tungsten rod with 1.6 mm in diameter
placed 2-3 mm above the green compacts. The synthesis process pro-
gression was recorded by a digital camera with a speed of 25 frames/s
and the combustion velocity was calculated by dividing the high of
the sample to its time of synthesis.

To characterize the reaction products, X-ray diffraction (XRD)
analysis was performed with Cu K, radiation. Raman spectroscopy
was performed using a dispersive Raman microscope with a confocal
depth resolution of 2 um, spectral resolution of <3 cm™' and spectral
range between 160 and 3500 cm™! by 785 nm laser. Spectra were
taken from different points of the samples to determine the homogene-
ity and to identify various compounds formed in the samples. Also,
microstructures of the products were studied using a scanning electron
microscope (SEM, Cambridge S360).

Results
SHS characteristics

Fig. 3a-c shows ignition, propagation and ending of the SHS
reactions in samples containing 0, 15 and 30 wt.% Fe, respectively.
When there was no Fe in the aluminothermic reaction of titanium
oxide, it started after a short period of heating (about 6 s) and propagat-
ed quickly along the entire sample with a macroscopic flat front
(Fig. 3a). The addition of 15 wt.% Fe to the reaction raised the reaction
initiation and propagation times and converted the flat front to wavy
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Table 1
Thermodynamic data of different elements and compounds.
Element or compound Temp. range AH° AHp, G
(K) (kJ/mol) (kJ/mol) (J/K-mol)
Tic? 298 ~ 3290 —184.5 4843 + (3.16 x 1072 x T) — (1.36 x 10°T"2) + (1.23 x 107 % x T?
Al,05° 298 ~ 2325 —1675.7 117.49 + (1038 x 1073 x T) — (37.11 x 10°T?)
Liq 107.0 184.10
TiOy? —944.2 -
Fe® 298-1184 a— =09 1229 + (377 x 1073 x T)
1184-1665 —56=08 2399 + (836 x 1072 x T)
1665-1809 65— =138 24.64 + (9.90 x 1072 x T)
Lig 46.02
Fe;Al 298-1130 —66.93 [20] 13.5 13.67 + 2.9 x 1073 x T[21]
Liq 41.74°
c® 298-1100 0 43 +17.8x 1073 x T
1100-4100 0 21,7434+ 12x 1073 x T
@ Ref. [22].
b Ref. [23].

¢ Neumann-Kopp rule: G, e — 25a1 = 0.75G,, pe + 0.25C,, a1 [24].

one (Fig. 3b). But, in the sample with 30 wt.% Fe, the reaction only
happened in a thin surface layer after a long heating time and then it
ended without further propagation (Fig. 3¢). This experimental obser-
vation was in contrary with the theoretical calculations which predicted
that the reaction will be self-sustaining in all samples containing Fe
lower than about 53 wt.%. So, in the second experiment, samples
containing 0-30 wt.% Fe with 5 wt.% intervals were prepared for SHS.
Fig. 4 shows the simultaneous effects of Fe addition on combustion
velocity and adiabatic temperature. Addition of iron to the reaction
from 5 to 15 wt.% decreased the combustion velocity of the reaction
considerably, but in the sample containing 20 wt.% Fe, the reaction did
not propagate along the entire sample and quenched before reaching
to the end of it. So, it can be concluded that the addition of Fe from 15
to 20 wt.% led to the instability of the reaction. The adiabatic tempera-
ture for reaction 2 with 15 and 20 wt.% Fe is 2325 K which is consider-
ably higher than the Merzhanov criterion (1800 K). This criterion is
based on experimental results and it is verified in many SHS reaction
systems [8]. So, to reveal the reason(s) why it is not applicable for
reaction 2, phase analysis was performed on the products to investigate
the effect of iron addition on phases formed after combustion.

Current
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Gas Inlet
& outlet

Tungsten
Rod (Heater)

windows

Fig. 2. Schematic representation of SHS chamber.

Phase analysis

XRD analysis

XRD analysis of the samples which contains 0 to 20 wt.% Fe is
demonstrated in Fig. 5. The only phases formed in the sample with no
Fe are titanium carbide (TiC, ICDD card no. 00-003-1213) with a cubic
crystal structure and aluminum oxide (a-Al,O3, ICDD card no. 01-071-
1126) with rhombohedral (hexagonal) crystal structure. The addition
of 5 wt.% Fe had no considerable effect on XRD pattern, but in samples
containing 10-20 wt.% Fe, the only phase added to the products was
iron aluminide (FesAl, ICDD card no. 00-045-1203) with a cubic crystal
structure. So, reaction products formed in the reactions containing Fe
were not as the same as predicted by reaction 2. The lattice parameter
of titanium carbide was calculated from the XRD patterns using Brag's
equation and Nelson-Riley function [3,25].

d—a +a1(/1 c0526+c0526 4
002 sing T 6 ) 0

+K"f(0) Nelson-Riley function
(4)
_ 2 .2 2]1/2 .
a = d [h +k°+1 ] Brag equation (5)

where 6 is diffraction angle, is the lattice parameter which is
determined by Eq. (5) and g is the true lattice parameter of TiC which
is calculated by Eq. (4). Using XRD patterns, we can draw the variations
of lattice parameter versus Nelson-Riley function and extrapolate the
true lattice parameter at 6 = 90. Fig. 6a and b shows Nelson-Riley
function diagrams used for calculating lattice parameter of TiC in
samples containing different amounts of Fe and variations of synthe-
sized TiC lattice parameters with iron addition, respectively. Also, the
lattice parameter of stoichiometric Tig 5Co 5 is indicated in the figure.
As can be understood, the lattice parameter of titanium carbide in the
sample synthesized without Fe is lower than that of the stoichiometric
one and decreases with the increase of Fe content in the reaction.
Different literature that used SHS for synthesis of TiC and composites
containing this compound showed that during combustion synthesis,
carbon content in the TiC is usually lower than stoichiometric and
therefore its formulation represented as TiC; — , (x < 1) [3,26,27].
Storms [27] indicated that by decreasing carbon content, lattice
parameter of TiC falls. So, a possible reason for lower lattice parameter
of TiC in the sample with higher Fe may be decreasing carbon of this
phase.

Another reason for this phenomenon may be the dissolution of
oxygen in the crystal structure of TiC and formation of titanium
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Fig. 3. Reaction initiation, propagation and termination in the samples containing various amounts of Fe.

oxy-carbide. Titanium carbide (TiC) has a NaCl face centered cubic usually observed during carbothermal reduction of TiO-. Jiang et al.
(FCC) crystal structure. TiO also has the same crystal structure of TiC. showed that as TiO increases in the titanium oxy-carbide phase, lattice
So, they can form a series of continuous solid solutions like TiC; _ 4Oy parameter of this phase falls from 0.4324 nm for TiC to 0.4194 for
(0<x<1).Titanium oxy-carbide (TiC; _ ,O,) is an intermediate product TiO [28].
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Raman analysis

Raman microscopy is able to determine phases for polymorphic
solids at the microscopic level. This is its advantage over conventional
X-ray diffraction spectrometry in which the sample volume cannot be
too small. Phase identification with Raman spectroscopy uses the
characteristic vibration band(s) associated with a certain phase in a
solid. This analysis is founded on the Raman scattering of electromag-
netic radiation by atoms and molecules. When irradiating materials
with electromagnetic radiation of a single frequency, the light will be
scattered by molecules elastically and inelastically. The inelastic
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scattering is called Raman scattering and can be used to determine de-
tails of the structure of the molecule or crystal lattice [29].

To study the reaction products more precisely, micro-Raman
spectroscopy analysis was performed on different samples. Some
Raman spectroscopy analysis on titanium carbide [30,31] reported
that the stoichiometric titanium carbide has no Raman active mode
and the Raman scattering in this carbide is caused by the disorder
induced by carbon vacancy. Fig. 7a-c shows the results of the Raman
spectroscopy analysis in the samples containing 0, 10 and 20 wt.% Fe,
respectively. In the sample without Fe, five different peaks can be
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Fig. 7. Raman spectroscopy analysis of samples with a: 0 wt.% Fe, b: 10 wt.% Fe, c: 20 wt.% Fe and d: Raman spectra of TiC in samples with different Fe contents.



98 M. Sharifitabar et al. / Int. Journal of Refractory Metals and Hard Materials 47 (2014) 93-101

observed (Fig. 7a). The first three peaks between 244 and 255, 414 and
422 and 598 and 601 cm™ " are related to the titanium carbide, which is
almost the same as those reported by Lohse et al. [31] and the two peaks
between 1300 and 1600 are related to the un-reacted free active carbon.
There is no separate characteristic peak related to Al,0s. Cava et al. [32]
reported that -Al,O5 with a cubic crystal structure has no Raman active
mode while a-Al,03 with a hexagonal crystal structure has two Raman
active modes with characteristic peaks at 380 and 420 cm™'. As shown
by XRD analysis, the synthesized alumina in all samples has a hexagonal
crystal structure and thus should have two characteristic peaks. But, it
seems that these peaks have overlapped with intense TiC characteristic
peak at 420 cm™ ! and could not be observed in these spectra. The
addition of 10 wt.% Fe to the reaction led to the formation of a new
peak at 266, some peaks between 340 and 384 cm™~ ! and two new
peaks at 517 and 634 cm ™~ '. Also, there is a broad peak between 278
and 351 cm ™!, a new peak at 649 cm™ ' and a broad peak between
680 and 950 cm ™! in the sample containing 20 wt.% Fe.

Table 2 shows briefly the characteristic Raman bands of different
phases that may be formed after synthesis. By comparing the results
of this table with the Raman spectra in Fig. 7a—c, it can be concluded
that besides TiC and un-reacted carbon, there is a little TiO, with two
weak characteristic peaks at 517 and 634-649 cm ™. Also, some peaks
between 266 and 384 cm~! and two broad peaks between 550 and
620 cm™! and 680 and 950 cm ™! are symptoms related to the formation
of titanium oxy-carbide (Ti (C,0)) in the final products. Getting hold of
the results of XRD and Raman together, it can be concluded that the
addition of Fe to reaction 2 led to the increase of oxygen content in
the crystal structure of TiC and formation of titanium oxy-carbide with
lower lattice parameter.

In Raman spectroscopy, the intensity of phase characteristic peaks is
dependent on its quantity. Fig. 7d compares the mean spectrum of the
free carbon in the samples synthesized with different Fe contents. It
can be seen that the addition of Fe to the reaction increased the mean
intensity and surface area of un-reacted carbon characteristic peaks.
So, one can anticipate that the volume fraction of unreacted carbon is
higher in the sample with more Fe content.

Microstructural analysis

The SEM microstructures of the fracture surfaces of samples are
depicted in Fig. 8. Referable to the presence of considerable amounts
of porosity in the final structure of the products, the fracture occurred
intergranulary in all samples [8]. The microstructure of the sample
with no Fe consists of large Al,03 grains and TiC particle sintered
together (Fig. 8a). The addition of 5 wt.% Fe to the reaction changed
the morphology of Al,O3; from the large plate like grains to slightly
finer grains with near spherical morphology. Also, TiC grain size
decreased and they became almost spherical in this sample (Fig. 8b).
In the sample containing 10 wt.% Fe, the TiC particles became finer,
with a particle size between 1 and 5 um (Fig. 8c and d). It is interesting
to notice that there are repeating step on some surfaces of the TiC
particles. These steps are characteristics of crystal growth with
interface-controlled growth mechanism. Usually, crystal growth in the
vapor phase or melt is controlled by three different mechanisms, includ-
ing diffusion in the melt or vapor, latent heat flow from the crystal-melt
interface and reaction at the crystal interface or interface-controlled

Table 2
Raman characteristic peaks of different phases.

Compound Characteristics Raman peak (cm™1)

TiC [31] 260 420 605

Carbon [31] 1320 1590

a-Al,05 [32] 380 420

TiO, [33] 144 197 396 519 639
Ti(C,0) [34] 300-390 560-620 690-830

Ti,05 [35] 269

growth [36]. The interface-controlled growth mechanism is divided
into two different categories named continuous and lateral growths.
In continuous growth, atoms can attach to the crystal surface at any
point of the growing surface. In these conditions the interface grows
uniformly. But, lateral growth leads to the movement of a step across
the interface and the atoms only can attach to the step. The step height
can be one, several or a great number of atom layers (macrosteps)
depending on its lateral growth rate and will be higher for a layer
with a slower edge growth rate. There are two types of lateral mecha-
nisms, as surface nucleation and screw dislocation. In surface nucleation
mechanism, new steps are nucleated on top of each other and form a
pyramid-like interface [37]. On the other hand, the screw dislocation
model proposed by Hilling and Turnbull [38] puts on that screw disloca-
tions emerge from the growing crystal face and cause the formation of
repeating step like an Archimedean spiral [36]. There are some
evidences for the formation of two dimensional nuclei on some surfaces
of TiC particles. So, it seems that surface nucleation-interface controlled
growth mechanism is the growth controlling mechanism of TiC
particles in this sample. Fig. 8e and f shows the different magnifications
of the fracture surface in the sample containing 15 wt.% Fe. It can be seen
that TiC particle size decreased slightly, but their morphology is trans-
formed into cubical particles with faceted morphology. According to
the statements of Kirkpatrick faceted [36], taught there is not a theoret-
ical justification, Cahn et al. suggested that crystals with non-faceted
morphology grow by continuous mechanism while crystals with facet-
ed morphology, grow with lateral growth mechanism. Choi and Rhee
[13] suggested that the aluminothermic reduction of TiO, is controlled
by the diffusion of carbon through solid TiC. So, it seems that the addi-
tion of Fe to the reaction changed the mechanism controlling the
growth of TiC particles from diffusion controlled growth in the sample
without Fe to lateral growth interface controlled mechanism for sam-
ples containing Fe higher that 10 wt.%. The fracture surface of a sample
containing 20 wt.% Fe is shown in Fig. 8g and h. The addition of higher Fe
to the reaction caused the decrease of TiC particle size and porosity vol-
ume fraction in this sample.

Discussion

The aim of the present study was to investigate the outcome of iron
addition on SHS characteristics and phases that formed during combus-
tion synthesis of the TiO,-Al-C system. The considered reaction is as
follows:

3Ti0, + 4Al + 3C + XFe—3TiC + 2Al,0; + XFe  (2).

The calculation of theoretical adiabatic temperature for this reaction
suggests that iron can be added to this reaction up to 53.13 wt.% and it
will remain self-sustaining according to Merzhanov criterion [8]. But,
first experimental investigations showed that in the sample containing
30 wt.% Fe, the reaction only happened in a thin top surface layer of the
compacted powder and then it ended which means that the reaction
does not propagate in the SHS mode for this sample. These results are
inconsistent with the theoretical results. XRD analysis indicated that
the reaction products consist of TiC, Al,03 and FesAl intermetallic
phases. These reaction products are not the same as the product of
reaction 2, because in this reaction it was expected that Fe would not
participate in the reaction and act only as a diluent agent. But,
experimental results showed that some of the aluminum was reacted
with iron to form a FesAl phase. Zarezadeh Mehrizi and co-workers
[39] showed that during combustion synthesis of ferrotitanium-Al-C
mixture, the reaction of Fe and Al happens in the temperature range
0f 973-1173 K. This temperature range is lower than that for ignition
of the reaction between aluminum and TiO, (1173 K) [13]. So, with
the reaction of some of Al with Fe, there will be lack of aluminum for
complete reduction of all the TiO, to Ti. Choi and Rhee [13] indicated
that reduction of TiO, with aluminum proceeds by way of Tis0s, Ti,O3
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Fig. 8. SEM microstructures of samples with a: 0 wt.% Fe, b: 5 wt.% Fe, c and d: 10 wt.% Fe, e and f: 15 wt.% Fe and g and h: 20 wt.% Fe.

and TiO mid-products to form Ti and Al,Os. Similar results were
presented by Khoshhal and co-workers [19] and Zou et al. [40] during
aluminothermic reduction of ilmenite. Because there was not any
peak related to the TiO, in the XRD patterns and the characteristic
peaks of this phase in the Raman spectra were weak, so it is expected
that the quantity of this phase is low in all samples. Therefore, the lack
of aluminum for complete reduction of TiO, caused partial reduction
of it and formation of lower titanium oxide like Ti3Os, Ti;O3 and TiO
and Al,Os. Then these oxides reacted with carbon to form oxy-carbide
(TiC; — xOy) as indicated by XRD analysis through decreasing of lattice
parameter of TiC and characteristic peaks of this phase in Raman
spectroscopy results. Comparing the lattice parameter calculated for
Ti(C,0) in the sample containing 20 wt.% Fe with that proposed by
Jiang et al. [28], it is anticipated that the maximum oxygen content of

titanium oxy-carbide (x) will be 0.3 and so the chemical formula of
the oxy-carbide is TiCy70g3 in this sample. The presence of TiO, peaks
in the Raman spectra of samples containing 10 and 20 wt.% Fe may be
because of this fact that raw materials were not uniform and adding
Fe to them raised the distance between TiO, and Al particles. So, in
some places of the compacts, Al and TiO, might not be in contact
together and therefore no reduction happened.

In reaction 2, it was expected that all the carbon reacts with Ti to
form stoichiometric titanium carbide. But, Raman analysis of the sample
with no Fe showed characteristic peaks of un-reacted carbon. In other
words, it indicated that in the aluminothermic reduction of TiO», all
the carbon did not react with the titanium. So, the titanium carbide
formed would not be a stoichiometric one and its chemical formula is
TiCy (x < 1). This result is in agreement with the difference observed
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in Fig. 6 between the lattice parameters of the stoichiometric TiC and
that measured for synthesized TiC in the sample with no Fe.

When the amount of Fe added to the reaction increased, more
aluminum was used in the reaction with Fe, so the volume fraction
of reduced Ti falls. As a result, the quantity of titanium oxide mid-
products and the possibility for the formation of titanium oxy-carbide
with higher oxygen content and lower lattice parameter increased as
shown in Fig. 6. Also, the increase of oxygen in the titanium oxide
mid-product and the decrease of combustion temperature with the
addition of Fe reduced the amount of carbon participated in the reaction
and led to the increase in volume fraction of un-reacted carbon in the
final products as indicated by the amplification of carbon peaks in the
Raman spectra of samples with higher Fe contents (Fig. 7d). It should
be noted that the possibility of reducing the remaining TiO, with excess
carbon (carbothermal reaction) in the samples containing Fe is low due
to the two following reasons: first, according to thermodynamic data,
the standard Gibbs free energy of the reaction between TiO, and carbon
is positive below 1473 K and therefore this reaction proceeds at very
high temperatures (1973-2373 K) in argon atmosphere [25]. As indicat-
ed in Fig. 1, the adiabatic temperature of the aluminothermic reaction is
2371 K and adding Fe to the reaction decreased it considerably. Usually,
the combustion temperature of an SHS reaction is lower than the
adiabatic temperature due to the heat loss to the surrounding area [7,
8,15]. So, it is expected that as the Fe was added to the reaction, the
combustion temperature decreased which lowered the possibility of
carbothermic reaction. Second, carbothermal reduction of TiO, needs
high reaction times (10-24 h) [25]. But, the reaction times for small
SHS samples are in the range of seconds to a few minutes. So, one can
expect that although this reaction can happen during SHS of the present
samples, especially in the samples with lower Fe contents due to their
higher combustion temperature, but, the extent of its propagation was
not high and therefore the amount of carbon used for carbothermic
reduction of TiO, was negligible. According to the above Results and
Discussion sections, it is expected that the right pass for reaction 2 will
be as follows:

3Ti0, + 4Al + 3C + xFe —3Ti (cl,éoé) + (2— g) Al,0; + %Feg,Al

+ %C. (6)

Fig. 9 shows the effect of Fe on adiabatic temperature of reaction 6
which was estimated using the thermodynamic data of Table 1 with
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Fig. 9. Effect of Fe on adiabatic temperature of reactions 2 and 6.

this assumption that at low oxygen content, the thermodynamic prop-
erties of titanium oxy-carbide (TiC; _ xOy) are the same as those of tita-
nium carbide (TiC). The effect of Fe on adiabatic temperature of
reaction 2 is also shown on the figure for comparison. It is observed
that the adiabatic temperatures of reaction 6 were 1916 and 1421 K
for the samples containing 15 and 20 wt.% Fe which are respectively
higher and lower than Merzhanov criterion. So, these new calculated
values are consistent with the Merzhanov criterion and experimental
observations shown in Fig. 4. As shown earlier in Fig. 4, the reaction is
stable for the sample containing 15 wt.% Fe, but, not stable for the
sample containing 20 wt.% Fe. So, the Merzhanov criterion is satisfied
between these two values as indicated in Fig. 9. It is worse, noting that
if 20 wt.% Fe is added to reaction 6, the amount of oxygen (x) in the Ti
(Cq — xOy) phase will be 0.29. This result is in agreement with the lattice
parameter of titanium oxy-carbide purposed by Jiang [28] and that was
calculated in Fig. 6.

From microstructural viewpoint, the addition of Fe to the reaction
changed the growth mechanism of the TiC particles from diffusion
controlled growth to lateral growth-interface controlled mechanisms.
But, the authors think that it needs more investigations which should
be considered in the future works.

Conclusion

In the present research, several quantities of Fe were added to the
SHS reaction of the TiO,-Al-C system to fabricate Fe-TiC-Al,03
composite. The main results can be summarized as follows:

1. Thermodynamic calculations predict that if the amount of Fe is lower
than 53.13 wt.%, the reaction propagates in the self-sustaining mode.
But, experimental data showed that the reaction front became
unstable between 15 and 20 wt.% Fe, which was considerably lower
than that predicted by thermodynamic data.

2. Phase analysis using XRD and Raman spectroscopy indicated that
FesAl, Ti (C,0) and Al,05; with some residual un-reacted carbon
were the main products of the synthesis in the samples containing
Fe. These products were not the same as those expected earlier.

3. Using Raman spectroscopy analysis, it was demonstrated that all the
carbon did not react with Ti in the sample containing no Fe and
therefore the C/Ti ratio in the TiC phase was less than unity. This
led to a lower lattice parameter for the synthesized TiC in comparison
to stoichiometric one. Also, the lattice parameter of Ti (C,0) phase
was lower in the samples containing higher Fe, likely as a result of
dissolution of higher oxygen in this phase.

4. Microstructural observations showed that additions of Fe changed
the growth controlling mechanism of TiC particles.

5. The adiabatic temperatures calculated using the thermodynamic
data of the new products for samples containing 15 and 20 wt.% Fe
were in conformance with the experimental observations and
Merzhanov criterion.
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