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Al503-TiCN-Fe composites were successfully prepared by hot pressing using
natural ilmenite, aluminum, and carbon. The process of aluminothermic
reduction of ilmenite and the influence of carbon on the phase evolution,
synthetic products, microstructure, and properties were investigated using
x-ray diffraction (XRD) analysis, scanning electron microscopy (SEM), and
mechanical analysis. The XRD results showed that the reduction process of
the FeTiO3-2Al system was a gradual deoxygenation process. In the FeTiO3-
2A1-xC systems, carbon participates in the reduction reaction to form TiN,
which gradually transforms to TiCN. The carbon content had a great influence
on the presence of titanium oxides during the reaction. In addition, the grain
size of Aly03, TiCN, and Fe phases became smaller as the carbon content was
increased. When the carbon content was 0.88 mol, the synthesized products
achieved comprehensive mechanical properties, i.e., bending strength and

Vickers hardness of 375 MPa and 15.5 GPa, respectively.

INTRODUCTION

Ilmenite has attracted interest from many
researchers worldwide because of its abundant
reserves and richness in two important metal
elements, i.e., Fe and Ti. Different types of compos-
ite materials can be obtained by chemical reactions
between ilmenite and different reducing agents.
Research studies have focused on carbon reduc-
tion,™? metal reduction,®* and combined reduction
of metal and carbon.’”” Among these reductions, the
chemical reaction between ilmenite, aluminum, and
carbon has been investigated extensively to prepare
Al;O3-TiC-Fe or Al;03-TiCN-Fe composites in a
nitrogen-containing atmosphere because AlyOs-
TiC/TiCN-Fe ceramics have excellent mechanical
properties, such as resistance to high temperature,
wear, corrosion, and oxidation.®?

Various techniques can be used to manufacture
Al503-TiC/TiCN-Fe composites. Among these, in situ
techniques have received extensive attention,'® 12
including mechanical alloying, reactive sintering,
microwave heating, or self-propagating high-tem-
perature synthesis. Reinforcement can be synthe-
sized by the reaction in composites prepared by such
in situ techniques, which then nucleate and grow
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spontaneously. Thus, the reinforcement surface is
not polluted, the matrix and reinforcement show good
compatibility, and the resulting material exhibits
high interfacial bonding strength. In situ synthesis
methods simultaneously eliminate the cumbersome
pretreatment reinforcement process, simplifying the
preparation process. These features lead to better
mechanical properties compared with composites
processed using traditional, ex situ approaches.'®™1?

Several studies have explored the FeTiOs-Al-C
system, mostly'®'®17 focusing on preparation of
Al5;03-TiC/TiCN-Fe composite powders, but the
preparation, microstructure, and properties of such
composites have not been investigated in depth. In
some studies,’® 2% Al,05-TiC/TiCN-Fe composites
were synthesized through the FeTiO3-Al-C system,
but the phase evolution during the formation pro-
cess has not yet been thoroughly investigated. In
addition, many investigations*'~*® have focused on
synthesis of Al;O3-TiC composite by TiOs, mainly
investigating the preparation of powders instead of
materials. The reaction mechanism has not been
further studied, and the reaction sequences, alu-
minum reduction processes, and effect of C on the
reaction process, microstructure, and properties
remain unclear.
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In the work presented herein, Al;O3-TiCN-Fe
composites were synthesized by hot pressing using
in situ reaction between natural ilmenite, alu-
minum, and carbon. The reaction process and
mechanism of the FeTiO3-2Al-xC systems during
hot-pressing processes were explored using the
carbon-free FeTiO3-2Al system and carbon-contain-
ing FeTiO3-2A1-0.5C and FeTiO3-2A1-0.75C sys-
tems. The influence of carbon on the phase
evolution, microstructure, and properties of the
product was also studied.

EXPERIMENTAL PROCEDURES
Material Synthesis

Ilmenite (average particle size approximately
158.26 um; Panzhihua Mineral, Panzhihua, China),
aluminum (> 99% purity, < 80 ym), and graphite
powder (> 99% purity, < 30 um) were used as raw
materials. Table I presents the chemical composi-
tion of ilmenite. Aluminum and graphite powder
were used as the reducing agent. The mixtures were
prepared in accordance with Eq. 1:

FeTiOs + 2Al + xC + %Nz
— TiC,N;_, + Al,O5 + Fe (1)

A vertical planetary ball mill (QM-3SP4; Nanjing
T-Bota Scietech Instruments & Equipment Co.,
Ltd., Nanjing, China) was used to mill the mixture
of ilmenite, aluminum, and graphite. Steel balls
with different diameters (6 mm and 10 mm) were
used in the milling operation. The ball-to-powder
ratio was maintained at 12:1. Ball milling was
performed at room temperature in air condition.

After milling, about 20 g of the mixture was
placed into a graphite crucible in a hot-pressing
sintering furnace, which was evacuated to vacuum
then filled with flowing nitrogen. The atmosphere
flow rate was 1 L/min. The samples were sintered at
different temperatures (600-1400°C) for 30 min
under pressure of 20 MPa to investigate the syn-
thesis process.

Material Characterization

The as-milled powders and sintered samples were
characterized by XRD analysis (D/MAX-1200;
Rigaku Denki, Beijing, China) using Cu K, radia-
tion in the range 10°-90°. Peak positions were taken
from the International Center for Diffraction Data
database. Raw XRD data were refined and analyzed
using the MDI Jade 6.0 program (Materials Data

Table I. Chemical composition of ilmenite powder
(wt.%)

Ti Fe Si Mn Al Ca Mg o

31.18 2247 157 1.81 0.56 0.049 0.072 Balance

Incorporated, Livermore, CA, USA). Silicon powder
(SRM640; National Institute of Standards and
Technology, Gaithersburg, MD, USA) was used as
external standard to correct for instrumental broad-
ening. The experimental errors were reduced as
much as possible by curve fitting. The sintered
specimens were investigated by scanning electron
microscopy (SEM, VEGA II LMU; Tescan, Brno,
Czech Republic).

Mechanical Performance Testing

The sintered specimens were cut into bars to
measure the flexure strength. The final dimensions
of these samples were 3 mm x 3 mm x 30 mm. The
flexure strength of the samples was measured by a
three-point bending method with a support roller
span length of 20 mm and crosshead speed of
0.5 mm/min. The Vickers hardness (VH) was mea-
sured using Vickers indentation at load of 20 kg
with dwell time of 15 s.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of ilmenite and
as-milled FeTiO3-2Al-xC (x = 0 mol, 0.25 mol, 0.5
mol, 0.75 mol, 0.88 mol, and 1 mol) powders. Fig-
ure la shows the XRD pattern of ilmenite powder.
The only phases revealed in the XRD patterns were
FeTiO3, TiOs, and FesTiz0g, suggesting that, in
addition to FeTiOgz, TiO5 and Fe,Ti3Og9 phases were
present in this kind of ilmenite. Presence of
FesTi30g also indicates a serious degree of weath-
ering of ilmenite. In addition, the ilmenite powder
contained element impurities such as Ca, Mg, Si,
Mn, and Al. The specific chemical composition is
presented in Table I. These impurity elements were
not clearly shown by XRD due to their low concen-
trations. Figure 1b shows the XRD pattern of as-
milled FeTiO3-2A1 powder. The XRD profiles
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Fig. 1. XRD patterns of (a) iimenite powders, and milled FeTiOz-2Al-
xC powders with x value of (b) 0 mol, (¢) 0.25 mol, (d) 0.5 mol, (e)
0.75 mol, (f) 0.88 mol, and (g) 1 mol.
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indicated that the milled powders contained
FeTiO3, TiO,, FesTisOg, and Al phases. No new
peaks were present, suggesting that reactions
between FeTiOj;, TiO,, FeyTisOg, and Al did not
occur on any significant scale during milling. The
XRD patterns of the as-milled FeTiO3-2A1-xC pow-
ders as a function of the carbon content are shown
in Fig. 1c, d, e, f and g. The only phases shown by
the XRD patterns were FeTiOs, TiO,, FesTiz0g, Al,
and C. The intensity of the carbon peaks increased
significantly with increase in the carbon content.

Influence of Carbon Content on the Reaction
Process

To clarify the influence of the carbon content on
the aluminothermic reduction process of ilmenite
during the hot-pressing process, the carbon-free
FeTiO3-2A1 and carbon-containing FeTiO3-2Al-xC
systems were investigated. The XRD results for
each system after sintering at different tempera-
tures are shown in Fig. 2, and all the phases present
at each temperature from 600°C to 1400°C are listed
in Table II.

Figure 2a shows the XRD patterns of as-milled
FeTiO3-2A1 powder sintered at different tempera-
tures for 0.5 h under pressure of 20 MPa and
nitrogen atmosphere. No new phases appeared after
heating the sample to 600°C, suggesting that no
reaction occurred during heating to this tempera-
ture. The intensity of the TiO, peaks increased
when the sample was heated to 700°C, suggesting
that reaction of FesTiz0g, FeTiOs, and Al forming
TiOg, Al;O3, and Fe occurred after melting of Al
The other product of the ilmenite reduction was
iron. Unfortunately, the main peaks for iron were
coangular with aluminum peaks and could not be
deconvoluted, which is primarily due to the low
intensity of the iron peaks that were expected to be
present. In addition, two intermediate alloy phases
appeared, i.e., Al3Ti and AlFe;. Many studies have
reported an Al3Ti phase, which was synthesized by
the reaction of TiOs and Al.21?%22* Another inter-
mediate alloy phase, AlFes, was formed by the
reaction of residual aluminum with newly formed
iron.

With a further temperature increase to 800°C, the
amount of TiO, phase obviously increased, as shown
by the corresponding increase of the relative peak
intensities of the TiO,, Al;O3, and Fe phases. Thus,
the reaction between FesTizOg, FeTiOsz, and Al
continued from 700°C to 800°C. The ilmenite dis-
appeared at this temperature, but the intermediate
alloy phases, Al3Ti and AlFes, were still present in
the XRD patterns.

When the temperature was increased to 900°C,
the intensity of the TiO, phase weakened, the
intensity of the Al,O3 phase increased significantly,
and the Ti3O5 phase appeared in the XRD patterns,
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suggesting that the reaction between TiO5 and Al to
form Ti3Os and Al,O3; had already occurred. The
peaks of the intermediate alloy phases, Al3Ti and
AlFe3, became weak and then disappeared at
1000°C, which is due to the reaction between TiO,
and these two intermediate alloy phases, as shown
in Egs. 2 and 3. The standard Gibbs free energy of
formation for the reactions in Egs. 2 and 3 is
negative.

2A13Ti 4 37TiO9 = 13Ti305 + 3Al;04 (2)
AG:g00.c — —51kJ/TiO;

2AIFe; +9TiO; = 3Tiy s + ALO; +6Fe o)
AGS 00 = —53kJ/TiO,

When the materials were heated to 1000°C, the
intensity of the peaks corresponding to TisO5 and
Al,O3 phases increased significantly while those for
TiO, phase disappeared. When the temperature
was increased from 1000°C to 1100°C, two signifi-
cant changes in the XRD pattern were observed, i.e.,
the Ti305 and Fe phases disappeared, and the peaks
of Ti50s3, TiO, Fe,Ti, and Fe3sTisO phases appeared.
The appearance of Ti;Oz, TiO, Fe3Tiz0O, and Fe,Ti
can be assigned to the reaction between TizOs5, Al,
and Fe because of the disappearance of TizO5 and
Fe, as shown in Eqs. 4-7. Thermodynamic data for
FesTisO could not be found, thus the Gibbs free
energy of the reaction generating FesTizO could not
be obtained accurately. However, FesTizO can be
approximately considered as (FeoTi);5(Ti;50).
Ti; 50 lies between TiO and Ti in the order of
valence, thus the Gibbs free energy of the reaction
that generates FesTizO can be estimated as between
— 310 kJ and — 412 kJ by Eqgs. 5 and 7. As can be
seen from Eqs. 4-7, the standard Gibbs free energy
of these reactions is negative. In addition, TisO3
could also be obtained by the reaction between TizO5
and Al, as shown in Eq. 8. Although the energy of
formation of Eq. 4 is more negative than that of
Eq. 8, formation of TiyO3 via Eq. 8 required 1/3 mol
TizO5 compared with 4/3 mol TizO5 Al for Eq. 4.
Khoshhal et al.? considered that the formation of
FesTi in the FeTiO3-2A1 system is due to alu-
minothermic reduction of FeTiO; and TiO,. How-
ever, in this work, the disappearance of Ti3O5 and
Fe proves that the formation of Fe,Ti was due to the
reaction between TizOs, Al, and Fe.

3Ti305 + 4Al 4 6Fe = 3FeyTi + 3Tip03 + 2A1,05
AG oo = —181kJ/TizO0s

(4)
6Ti305 + 14Al + 18Fe = 9Fe,Ti + 9TiO + 7Al,04
AGSg00-c = —310kJ/Ti505
(5)



Influence of Carbon Content on Aluminothermic Reduction of Ilmenite During Hot Pressing

(a) OFeTiO, + TiO, ® Fe,Ti0, JALO, ATiO, ®Al  ®Fe
VTi,0, OTO @®FeTiO >FeTi MALTi «AlFe,

1300°C

1]
o 'i ® o0 o OOn

1200°C O

Intensity (a.u.)

m}
0 4 D+§j3+| o® ’,,l:u:n:l

p

O o+ 0 DO' :ED“ ¢} °| 4
P

OI O¢ ooI l 4

Y T p T 2 T Y T ¥ T T T ¥ T Y
10 20 30 40 50 60 70 80 90

2 Theta (Degrees)

O FeTiO, ® Fe,TiO ® AIA TiO, B Al Ti <AlFe & Fe

OALO, +TiO, AC V Ti,0 [ ALFe,€Al_Fe® TiNX TiCN
(c) [1a00C O - O X ol x0 ¢
300C o
Y1
1200C Y
~ [0
3
s
2
(7]
[ —
b
£
10 20 3 40 5 60 70 8 90

2 Theta (Degrees)

1825

(b) o c
3TiO+2AI=A1,0,+3Ti oy
8
2
o =
i (7]
§ ZA\=A‘z°a"6T‘O s
5 | moT—] §
2 £
},
3 | ) y ' . y y
=g 2A\=A\103+3'\'|3°5 41.8 42.0 422 424 426 428
S f X ——900
® BTi = -
2 TLO#2AIFALO+OTIO~ g x TicN ——1000
| Fe 5 O T —1100
o 10X S 2 =TiN
3 Ry ) — 1200
T P‘\‘ 2 ~ o —
02 - S 1300
afe ior2Fe| = 2 —— 1400
0,310, »
L 0 +2A\=A\1 3 c
M o S
=y et °
© —
: ——
500 1000 1500 - . ; - .
418 420 422 424 426 428
TIK 2 Theta (Degrees)

OFeTiO, +TiO, ®Al [JALO, ®TiN * (Fe,C)
®Fe,TiO,ATiO, AC ®Fe

(d) [1400°C

> ALTi
X TICN <Al Fe,

Intensity (a.u.)

2 Theta (Degrees)

Fig. 2. XRD patterns of reaction process (a) FeTiOz-2Al, (c) FeTiO3-2AI-0.5C, and (d) FeTiO3-2Al-0.75C; (b) AG-T curves of reactive process in
the FeTiO3-2Al system; enlarged XRD patterns showing the transition from TiN to TiCN with increasing temperature in the (e) FeTiO3-2AI-0.5C

and (f) FeTiO3-2AI-0.75C system.

3Ti305 + 8Al + 9Fe = 3FesTisO + 4A1,05  (6)

3Ti305 + 10Al + 18Fe = 9Fe,Ti + 5A15,03 (7)

6Ti305 + 2Al1 = 9Ti303 + Al,03 (8)
AG(])-OOODC - —65 kJ/Ti305

When the temperature was increased from
1100°C to 1300°C, no new phases appeared and
the intensity of the TiO and Fe3TisO phases
strengthened, accompanied by weakening of the
TizO3 phase. Thus, TiyO3 was further reduced to
TiO and FesTizO by Al as the temperature was
increased. In the FeTiO3-2Al system, the Al content
was theoretically sufficient to reduce all of the
ilmenite to Ti. Al could not be found by XRD,
probably due to its low content; however, Al was still

present in the system. At the temperature of
1300°C, the final product was composed of Al;Os3,
FesTiz0, FeoTi, and TiO phases. The presence of
FesTisO and TiO phases indicates that it was
difficult for Al to reduce ilmenite to Ti completely.
Figure 3 shows the thermodynamic process of
ilmenite reduction by Al. As seen from Fig. 2b, in
the process of aluminothermic reduction of ilmenite,
the formation of TiO,, TizOs, TisO3, and TiO can
occur due to the negative AG°. However, the reac-
tion by which TiO was reduced by Al, forming Ti, is
difficult to carry out above 1000°C because of the
positive AG°.

Figure 2¢c shows the XRD patterns of FeTiO3-2Al-
0.5C powder sintered at different temperatures for
0.5 h under pressure of 20 MPa and nitrogen atmo-
sphere. Compared with the FeTiO3-2Al system,
there was not much change before the temperature
was raised to 800°C. When the temperature was
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Table II. Phases of FeTiO3-2Al-xC powders sintered at different temperatures

Temperature
©C) FeTiO3-2A1 FeTiO3-2A1-0.5C FeTiO3-2A1-0.75C
600 FeTiOS, FegTi309, TiOg, Al FeTiOS, FegTigog, TiOg, Al, C FeTlO3, FezTigog, TiOQ, Al, C
700 FeTiOg, TiOg, Al, Al,Os, FeTiOs, Fe,Tiz0q, TiOs, Al, C FeTiOg, TiOy, Al, Fe, AlyTi,
AISTI, AlFeg A113Fe4, (Fe, C), C
800 TiOZ, FeTiO:_:,, Al, A1203, FeT103, TiOQ, AlgTi, A113Fe4, Fe, C TiOZ, FeTiO3, Al, A1203, Fe, (Fe,
Al;Ti, AlFes, Fe 0, C
900 TiOg, Tis0s, Al, Al,Og, AlTi, TiOs, TizOs, FeTiOs, AlyTi, Al;Fe,, Tiz05, TiN, Al,Os, Fe, C
AlFes, Fe Aly,O3, Fe, C
1000 Ti305, A1203, Fe Ti305, Ti203, TiOz, TIN, AlFe, Ti305, TICN, A1203, Fe, C
A1203, Fe, C
1100 T1203, T10, Fe3T13O, FezTi, Ti305, TizO3, TICN, A1203, Fe, C Ti305, TICN, A1203, Fe, C
Aly,04
1200 TiO, Tiy0s, FesTis0, Fe,Ti, Tiy03, TiCN, Al,Os, Fe, C Tiz05, TiCN, Al,Oj, Fe
Aly,O4
1300 TIO, Fe3Ti3O, FezTi, A1203 Ti203, TICN, A1203, Fe Ti305, TlCN, A1203, Fe
1400 TiCN, Aly,O3, Fe TiCN, AlyO3, Fe

increased to 800°C, the Al peaks disappeared and
two intermediate alloy phases appeared, i.e., Al3Ti
and Al;3Fe,. The intermediate alloy Al 3Fe, phase
was formed by the reaction of Al and the freshly
formed Fe. When the temperature was increased to
900°C, the intensity of the TiO, phase became
weaker, and Ti3z05 peaks appeared. In addition, the
Al;3Fe, phase disappeared and another AlsFe,
phase appeared. When the temperature was raised
to 1000°C, the TiN and Ti,O3 phases and another
AlFe phase appeared, and the peaks of the AlsFe,
phase disappeared. At 1000°C, the AlFe phase
disappeared completely. During this process, there
were two notable changes. The first change was in
the Al-Fe phase, such as Al;3Fe4, AlsFey, and AlFe.
Richards et al.?® calculated that the intermediate
alloy Al-Fe phase had negative Gibbs free energy at
700°C; therefore, thermodynamic formation of these
Al-Fe phases is completely available. From the
perspective of the reaction process, the Al-Fe phase
would participate in the reaction to reduce TiO,
when there was no Al in the system, as shown in
Eqgs. 9-15. The estimated data can be obtained
according to the available thermodynamic data at
700°C. As seen from Eqs. 9-15, the Gibbs free
energy of the reactions in which Al-Fe is involved
is negative. Khoshhal et al.>*?¢ also detected the
AlsFe; phase in a study of the FeTiO3-2Al and
FeTiO3-2A1-C systems and confirmed that the
AlsFe, phase as a reducing agent would reduce
TiO,. However, the Al;3Fe, and AlFe phases were
not detected in their research. The second change
was the formation of TiN. The TiN phase was
formed by the reaction between Ti3O5 and C under a
nitrogen atmosphere. According to the reduction
process of ilmenite by Al in the FeTiO3-2Al system
under nitrogen atmosphere, it is impossible to form
TiN by aluminothermic reduction of the titanium
oxides. In addition, many studies®’2° have observed

that Ti3Os5 is easily converted to TiN in presence of
C under nitrogen atmosphere.

15Al13Fey + 15FeTiO3 = 15Ti049 + 5A15,03
+ 37Al;Fey + Fe (9)
AGigyc = —273 kJ/FeTiO;

2Al3Fey + 27TiOg = 9Ti305 + 3Al5035 + 4Al5Feq
AG;OOCC = —58 kJ/T102

(10)
2Al5Fe; + 9FeTiOs = 9TiO; + 3Al,03 + 4AlFe

+9Fe

(11)

2Al5Fes + 27Ti09 = 9Ti305 + 3Al;05 + 4AlFe

AGS o0 = —61kJ/TiO; (12)

2Al15Fes 4+ 18Ti305 = 27Ti503 + 3Al; O35 + 4AlFe
AG;OOOOC = _65 kJ/Ti305

(13)
2AlFe + 9TiO9 = 3Ti305 + AlyO3 + 2Fe (14)
2AlFe + 6Ti305 = 9Ti303 + Al,O3 + 2Fe (15)

AG?_IOOOC - _59 kJ/Ti305

When the temperature was increased from
1100°C to 1400°C, the intensity of Ti,O3 and C
peaks weakened, and TiN was gradually trans-
formed to the TiCN phase with increasing temper-
ature. The titanium oxides completely disappeared
at the temperature of 1400°C, and the final product
was composed of Al,O3, TiCN, and Fe phases.
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Fig. 3. (a) XRD patterns of FeTiO3-2Al-xC powders sintered at 1400°C for 0.5 h; (b) Enlarged XRD patterns showing the effect of carbon content
on the TiCN peak position; (c) Backscattered electron micrographs of sintered samples; (d) Bending strength and VH of sintered samples; (e)

Elemental line scan spectra of the 0.5C sample.

Figure 2d shows the XRD patterns of FeTiO3-2Al-
0.75C powder sintered at different temperatures for
0.5 h under pressure of 20 MPa and nitrogen atmo-
sphere. Compared with the FeTiO3-2Al-0.5C sys-
tem, the reaction process of the FeTiO3-2A1-0.75C
system was almost similar to that of the FeTiOs-
2A1-0.5C system. However, there were some major
changes in the reduction process of the FeTiO3-2Al-
0.75C system. First, the formation temperature of
TiN in the FeTiO3-2A1-0.5C and FeTiO3-2A1-0.75C
systems was 1000°C and 900°C, respectively, indi-
cating that enrichment of carbon tends to decrease
the formation temperature of TiN during the sin-
tering process. Second, the last intermediate tita-
nium oxide that appeared in the FeTiO3-2A1-0.5C
and FeTiO3-2A1-0.75C systems was TiyO3 and
TizO5, respectively, indicating that TizsOs was not
further reduced to TiO3 but directly converted to

TiN in the FeTiO3-2Al1-0.75C system. Many stud-
ies?*-31 have reported that TiyOj5 is very unstable in
the carbothermal reduction process under nitrogen-
containing atmosphere. However, it can be seen
from study of the FeTiO3-2Al-0.5C system that
TigO3 could be stably present in the nitrogen
atmosphere. Third, a new (Fe, C) phase appeared
at 700°C in the FeTiO3-2Al1-0.75C system, due to the
carbon solution in the iron. Carbon was dissolved in
iron and diffused with iron as a transport medium,
which favors the carbothermal reduction process.
Once formation of TiC or TiN started, the fraction of
(Fe, C) decreased as TiCN or TiN increased, which
implies the onset of a reaction between (Fe, C) and
reduced TiO,.%?

The study of the FeTiO3-2A1-0.5C and FeTiOs-
2A1-0.75C systems showed that the reduction pro-
cess of ilmenite was preceded by three main stages.
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First, FeTiOs and Fe,TizOg9 were reduced by Al to
form TiO, and Fe. TiO5 was then reduced by Al to
Ti305 or Ti203. Flnally, Ti305 (or T1203) was
reduced by carbon to the cubic phase of TiN under
nitrogen atmosphere, then the TiN phase gradually
transformed to TiCN. This finding is in line
with previous research?®3*3* which identified
that the reaction sequence of TiO, reduced by
carbon was TiOy — Ti,09,_1 — Tiz05
— TiCN,0O;_,_, under nitrogen atmosphere.

Figure 2e and f show enlarged XRD patterns from
Fig. 2c and d in the range of 41.7° to 42.8°, revealing
the transition from TiN to TiCN with increasing
temperature in the FeTiO3-2A1-0.5C and FeTiOs-
2A1-0.75C system, respectively. As the temperature
is increased, the TiN peaks shift to the left to
smaller angle, indicating formation of TiCN. This
peak shift corresponds to an increase in lattice
parameter. The lattice parameters of the TiCN
phase are presented in Table III.

Influence of Carbon Content on Phase,
Microstructure, and Properties of Synthesis
Products

Figure 3a shows the XRD patterns of the milled
FeTiO3-2A1-xC powders sintered at 1400°C for 0.5 h
under pressure of 20 MPa and nitrogen atmosphere.
After sintering at 1400°C, titanium oxide could not
be detected by XRD, indicating that all of the
titanium oxides were reduced to TiCN. The phases
present in the final synthetic product were Al5Os3,
TiCN, and Fe.

Figure 3b shows the influence of the carbon
content on the peak position of the TiCN phase,
and Table IV presents the TiCN lattice parameter.
As the carbon content was increased, the peak
position of the TiCN phase shifted to the left and the
lattice parameter of the TiCN phase also increased.
On the one hand, in the process of carbon reduction
of Tiz05 (or TiyO3) in nitrogen atmosphere, carbon
and nitrogen atoms could gradually displace oxygen
atoms of TizO5 (or TigO3) at high temperatures to
form TiC,N,0O;_,_,, causing the peak position to
shift further to the left.>>* On the other hand, at
given reaction temperature, when the carbon con-
tent is increased, more carbon will participate in the
reduction reaction and thus more oxygen atoms will
be displaced by carbon and nitrogen atoms.?37
Consequently, the carbon and nitrogen content in
the cubic phase increased, which is related to a
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significant increase in the lattice parameter because
the TiC lattice parameter (0.4322 nm) is signifi-
cantly higher than those of TiN (0.4242 nm) or TiO
(04172 nm for TiCO_00600_987N0.007).38 The results
obtained in this work agree with this observation.

Backscattered electron images of sintered sam-
ples prepared from the FeTiO3-2Al-xC systems are
shown in Fig. 3c. The three different microstructure
colors represent three different phases, i.e., Al;O3,
TiCN, and Fe. These three phases were interlaced,
and their distribution characteristics were not
obvious. When the carbon content was low, the
Al50O3, TiCN, and Fe phases clustered together and
looked very coarse, especially the TiCN and Fe
phases. With higher carbon content, the phases
were observed to become smaller and the TiCN and
Fe distribution was more uniform.

The bending strength and VH of samples sintered
at 1400°C for 0.5 h under pressure of 20 MPa are
shown in Fig. 3d. The VH value was observed to
increase with increase in the carbon content. On the
one hand, the grain size decreased as the carbon
content was increased, resulting in an increase in
hardness. On the other hand, according to the
reduction process, the carbon was insufficient to
completely reduce the oxygen in the TiCN when the
carbon content was small, which resulted in TiCN’s
high oxygen content. The bending strength
increased as the carbon content was increased,
reaching a peak when the carbon content was
0.88 mol. When the carbon content was increased
to 1 mol, the bending strength dropped sharply, due
to residual carbon in the material. The ilmenite
contained a little impurity which was difficult to be
reduced by carbon; therefore, 1 mol of carbon was
not completely consumed during the reaction.
Under nitrogen atmosphere, the amount of carbon
used in the synthesis of TiCN by carbothermal
reduction was less than that of TiC, as shown in
Eq. 1. This is confirmed by some studies’®” showing
that high carbon content will lead to carbon residue
in the material after synthesis of TiCN. When the
carbon content was 0.88 mol, the synthetic products
achieved comprehensive mechanical properties, i.e.,
bending strength and VH values of 375 MPa and
15.5 GPa, respectively.

Backscattered electron images and elemental line
scan spectra of the 0.5C specimens are shown in
Fig. 3e. The elemental line scan spectra confirm
that the light-grayish particles are TiCN, because
the distribution of the corresponding elements

Table III. Measured lattice parameters of TiCN at different temperatures in the FeTi03-2A1-0.5C and FeTiO3-

2A1-0.75C systems

Temperature (°C) 900

Lattice parameter (1§) (FeTi0O3-2A1-0.5C) -
Lattice parameter (A) (FeTiO3-2A1-0.75C) 4.2464

1000 1100 1200 1300 1400
- 4.2452 4.2474 4.2595 4.2613
4.2547 4.2696 4.2780 4.2820 4.2886
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Table IV. Lattice parameter of TiCN in FeTiO3-2Al-xC system with different carbon contents

Carbon content 0.25 0.5

Lattice parameter (A) 4.2507

4.2613

0.75 0.88 1
4.2886 4.3007 4.3140

overlapped (such as Ti, C, and N), while the dark-
gray particles were AlyO3 and the white particles
were Fe. In addition, the scanning results reveal the
distribution of impurities, which were difficult to
detect using XRD. The distribution curve of the Mg
element can be seen to overlap with a part of the
Al5O3 curve, suggesting that Mg impuritg is gener-
ally distributed in Al;O3. Tang et al.” detected
MgAl,O,4 phase during the reduction process of the
FeTi0O3-1A1-2.5C system because of the high content
of Mg in ilmenite. In this work, the Mg and Al;O3
impurities were distributed together, but did not
form a Mg-Al-O ternary phase because of low
content of Mg impurities in ilmenite. The distribu-
tion characteristics of Si and Mn impurities were
not obvious, according to their line scan curve
distribution; most of them were dissolved in iron
with a small part distributed on the phase
boundary.

CONCLUSION

Al;03-TiCN-Fe composites were synthesized by
chemical reactions between natural ilmenite, alu-
minum, and carbon via a hot-pressing process. The
aluminothermic reduction of ilmenite in the carbon-
free FeTiO3-2Al system was a gradual deoxygena-
tion process. A series of intermediate titanium
oxides were generated by the reduction of alu-
minum, i.e., TiOQ, Ti305, TigOg, TlO, Fe3Ti3O, and
Fe,Ti, according to the order of reduction. In the
carbon-containing FeTiO3-2Al-xC systems, TiN is
generated with carbon involved in the reaction
process, which will gradually transform to TiCN
with increased temperature. The synthesis temper-
ature of TiN decreased with increase of the carbon
content in the system, being 1000°C and 900°C in
the FeTiO3-2A1-0.5C and FeTiO3-2A1-0.75C system,
respectively. Carbon could play an obvious role in
grain refinement, and the grain size decreased and
the distribution of TiCN and Fe became more
uniform as the carbon content was increased. The
system with 0.88 mol carbon resulted in compre-
hensive mechanical properties after sintering at
1400°C, i.e., bending strength and Vickers hardness
of 375 MPa and 15.5 GPa, respectively.
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