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Abstract: The aluminothermic reduction of high Ti acid soluble Ti bearing slag (ASTS) was carried out to prepare the

multi-components TiAl based alloy. In order to control and understand the preparation of TiAl alloy, the effects of the addition of Al

and CaO, and temperature were discussed. By considering materials proportioning calculations it could successfully make TiAl alloy

with sound slag-alloy separation. The recovery rates of most reduced elements are high, about 95% in the all experimental conditions.

The Al addition can mainly affect the composition of TiAl alloy, while CaO addition influences the slag-metal separation by varying

composition of slag system. Besides, the temperature of system can increase the recovery rate and distribution ratio for most reduced

elements.
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The Panzhihua and Xichang region in the southwest of
china has abundant reserves of vanadium and titanium
magnetite. The average contents of Fe and TiO, are about
30% and 9%, respectively. In the raw ore and the titanium
mineralization is accounted for about 48% of the world’s
resources''. The magnetite and ilmenite concentrates are
the two main products after the beneficiation process,
which can be further used to prepare the post productions of
vanadium product, and steel billet from magnetite
concentrate, the intermediate product of titanium slag, and
final productions of titanium sponge and titanium white
from ilmenite concentrate. Compared to the rich resource,
the recovery rate of elements in the slag especially Ti is
very poor and the consumption of Ti bearing slag is huge!"l.
In order to reduce the consumption of Ti resource,
integrated utilization of Ti resource such as Ti bearing slag
has become very significant.

Titanium-Aluminum based intermetallic alloys are
widely used in high temperature structural applications in
the aerospace or automotive industry. Due to their good
resistance, (3.7~4.1 g/cm3),

corrosion low density
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promising mechanical properties at high temperatures,
excellent high temperature oxidation and burn resistance'>®,
they are applied particularly in aircrafts and aircraft engines.
Depending on the compositions of Ti and Al alloys, the
TiAl intermetallic alloys are mainly divided into Ti;Al
phase, y-TiAl alloy and TiAl; phase, Among them TiAl
phase (about 50 at% Al) is one of most attracting materials
due to its high performance of the overall property'™.

At present, the preparation techniques of TiAl alloys
mainly include the powder metallurgy, ingot metallurgy,
remelting process etc. [ However, all these techniques use
pure titanium as raw material, so the preparation cost is
very high. In order to reduce the costs alternative
highly demanded. The

aluminothermic process offers great potential to replace the

production  processes  are
traditional Kroll-Process in production of titanium and
provides a least expensive production method for the direct
synthesis of titanium alloys ). Moreover, utilization of high
Ti bearing slag as raw material in the production of TiAl
intermetallic alloy may be one of the promising processes

to produce the TiAl alloys with low cost '), However, the
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preparation of TiAl alloy by the aluminothermic reduction
process has the difficulties of slag-metal separation and
impurity (oxide inclusion or O and C, etc.) removal, so this
process needs the preparation of master alloy first and
further refining process.

Previously, several processes of the preparation of TiAl
alloy by the aluminothermic reduction technique with
various Ti materials have been reported. Masafumi Maeda
et al. ™ studied the aluminothermic reduction of titanium
oxide with CaO-CaF,-Al,0;5 slag at 1973 K and reported
that overall reaction time is within 10 min., and for the TiAl
intermetallic alloy which has 36wt% of aluminum, the
equilibrium oxygen content was 1.5wt%. J. Haidar et al.”’
studied the direct production of alloys based on titanium
aluminides via two-step aluminothermic reduction of
titanium tetrachloride(TiCl;) and it was shown that the
various TiAl intermetallic alloys could be produced
including a large number of alloying additives. Also it was
estimated that for large scale production, the production
cost would be significantly lower than most existing

technologies. Vitaly Babyuk et al./"”!

investigated the liquid
phase aluminothermic reduction of ilmenite. They could
produce in pilot experiments the ferrotitanium alloy with
composition (wt%) of Fe-(18.8~48.5)Ti-(0.8~17.3)Al, and
the average of yield ratio of Ti is 65wt%. Recently, Huang
et al. ' studied the preparation of Ti-(30~40) Si-(4~15) Al
alloy by aluminothermic reduction of TiO, bearing blast
furnace slag (20wt%~25wt%TiO,) and the effect of Al
content on the distribution ratio and recovery rate were
investigated. It was reported that the main phases of alloy
identified by XRD were TisSi;, AITi; and TiSi,, and
recovery rate of Ti reached up to 80% while that of Si
reached 70%.

In our previous workl', the preparation of TiAl
alloy was studied by
reduction of TiO, under air condition followed by refining
in electric arc furnace. In this process, the master alloy of
TiAl intermetallic phases was prepared by aluminothermic

intermetallic aluminothermic

reduction of TiO, with SHS (self propagating high
temperature synthesis) concept. The main phases of master
alloy after aluminothermic reduction were TiAl; and TiAl.
In addition to TiAl intermetallic phases, a trace amount of
Ti;Al5Si;; and oxide compounds were also observed and
they could be removed in following smelting in electric arc
furnace. Finally, it could come up with 79.5% of
metallization rate!'").

In summary, the preparation of Ti
aluminothermic reduction technique was previously studied
for the Ti materials of titanium white(TiO,), illmenite,

titanium tetrachloride (TiCl;) and Ti bearing BF-slag.

alloy by

However, no research was reported in the production of
TiAl alloy using high Ti bearing acid soluble slag (ASTS)
which is one of the main Ti resources in the vanadium

titanomagnetite process. Typically ASTS contains about
70wt% of TiO,, 10wt% of FeO and 6wt% of SiO,, so it is
expected to contain alloying element of Fe and Si in the
TiAl alloys after aluminothermic reduction. Recently, Yang
et al.l"" studied the effect of Fe on the microstructure and
hardness of Ti-45Al-xFe (at%) alloy and it was shown
from the results that increase of Fe even up to 9at% can
increase the physical property of alloy by changing
morphology of B2 intermetallic phase. The effect of
alloying element of Fe in Ti-Al-Si system were also
reported by Pavel et al. ['’)
low wear rate. It indicated that the similar system of Fe and
Si containing TiAl alloys can be produced from ASTS

which contains Fe and Si. Thus in the present study, the

, and it showed high hardness and

preparation of TiAl intermetallic alloy was studied by
aluminothermic reduction using acid soluble Ti bearing slag.
In order to better understand and control the preparation of
TiAl from aluminothermic reduction of ASTS, the effect of
Al, CaO and temperature are investigated.

1 Theoretical Background

1.1 Reactions of aluminothermic reduction of high
TiO, bearing slag

Since acid soluble titanium bearing slag (ASTS) has
relatively high content of FeO and relatively low content of
Si0, and MnO, aluminothermic reaction of slag should take
into account all these oxide reduction. Based on the
thermodynamic considerations, all reactions can occur in
the order of Fe, Si, Mn, and Ti.
free energy of all reactions are in the order of 10° joule ",

Moreover, the standard

implying four types of reduction reactions are all easy to
occur even in a low temperature range. Therefore, the
compositions of alloy after reduction are expected to be Si,
Fe, and Mn except for main species of Ti for the TiAl alloy.
1.2 Slag-alloy Separations

To produce TiAl alloy from the reduction reaction of Ti
bearing slag, the slag-alloy separation should be taken into
consideration. In general, slag-alloy separation can be
considered as a process of droplet formation-growing-
sedimentation-accumulation-separation, and this phenomena

can be described by Stokes’ law!'*"

_2gr : 1

= T( Pu =P (M
where, v, pm, ps, ¥, g, and # are velocity of liquid droplet of
alloy (m/s), density of alloy (kg/m?), density of slag (kg/m’),
radius of alloy (m), acceleration of gravity (m”/s), and

T

dynamic viscosity of slag (Pa-s) respectively.

From the Eq.(1) it is known that in order to increase
slag-alloy separation during reaction, the velocity of liquid
alloy droplet should increase. This can be made by either
increase of density difference between alloy and slag or
decrease of slag viscosity at fixed g and ». However, from
the previous investigations!"'! we found that the difference
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of density between TiAl alloy and Ti bearing slag is usually
very small, so the slag-alloy separation could not be easily
made. Thus another method by decreasing the slag viscosity
may be the key to the slag-alloy separation. To obtain the
best results of TiAl alloy production from aluminothermic
material proportioning should be
carefully designed in which slag has low viscosity while
compositions of alloy satisfy the target compositions of
TiAl alloy.

reduction reaction,

2 Material Proportioning Calculation

2.1 Amount of Al reductant

In order to design optimum material proportioning, mass
balance of aluminothermic reduction reactions was
considered.

It is assumed that 1 mol of TiO, bearing slag contains
Nisio,y mol of SiO,, Neoymol of FeO, and Nyimo) mol of
MnO to be reduced. Then reduction reactions for relevant

components can be written as follows:

TiO , + 44 Al = Ti + 24 Al,0, )
N 0, (8105 + 45 Al =Si+ 24 A1,0,) 3)
N o) (FeO + 24 AT=Fe+ LS A1,0,) (4)

N oy (MO + 24 AT= Mn + £ A1,0,) (5)

By summing above four equations, it results in the
following equation:

[TiO, + N (1) Fe0 + N g0 SI0, + N 0, MnO |+

(MnO)

[%(2 +2N oy + N ooy + N(Mno))AlJ
= [TH+N 0., SI+N o0 FeN yn0,Mn ]+

/[2+2N<s|o ) (FeO) (MnO)]Al O

With the assumption that CaO, MgO, and Al,O; in the
raw slag may not be reduced by Al, the overall equation of

(FeO) (MnO)

(6)

aluminothermic reactions can be written as follows:

[TiO, + N ;0 Fe0 + N gy SiO, + N, MnO |+

(FeO)

[%(2 +2N o+ Npuo) + N(Mno))AlJ +

(si0,) (MnO)

CaO + N MgO + N

[ (Ca0) (Alz();)}

(MgO)

= [Ti+ N o Si+ N uo)Fe+ NyoMn |+

24 (242N o)+ Nreoy + N unoy ) ALOs |+

[ (€20/C20 + N, MgO + N AIZOJ (7)

(A1,05)

On the reactant side of Eq.(7), the first bracket term
shows the amount of components reduced in the
aluminothermic reaction, and the second bracket term
stands for the amount of Al needed for reduction of slag;
while on the product side of Eq.(7), the first bracket term
stands for the components of alloy after reduction, the
second bracket term is for the components of slag after
reduction, and the third
product sides represent the unreduced components in the
slag.

Eventually, the total amount of Al needed for reducing
slag can be expressed as:

WR-AI = %(2+2N(Si02)+N(FeO)+N(MnO))MA1 (8)

2.2 Alloy composition

In the present study, the target composition range of Al in
TiAl alloys can be varied from 40 at% to 50 at%!">'®. To
satisfy the target composition of Al, an excess amount of Al
should be added in addition to Al amount used in reduction

terms on both reactant and

of slag. For the absolute amount of remaining components
of the alloy after reduction can be obtained in product side
of Eq.(7), then total amount of the alloy after reduction can
be expressed as Eq.(9).

w =W+ We e v+ Wy, +We, + W,

Alloy n

=M, +N M +N M +NSlOM +
(w, —WR_A]) (9)

Total-Al

Where Waioy, Wri, Wre, Wsi, Wai, and Wrogaia1 are total mass
(gram) of alloy, mass of Ti, Fe, Mn, Si, Al of alloy for 1mol
of TiO, reduction and total mass of Al as raw material,
respectively, and M; is molecular weight of element i .

Eventually alloy composition can be obtained by
considering relative portion of components in the alloy. It is
noticed that if reduction rate for the elements of slag is
below 100% the factor of reduction rate should be taken
into account in the reaction.
2.3 Slag composition

At this stage, additional CaO should be considered as
charge mixture of raw material in order to satisfy low
viscosity of slag after reduction. With assumption of high
reduction rate of each element of the slag, it is known that
the main components of slag after reduction are CaO and
Al,O;, implying the Ti-bearing slag system after reduction
goes to Ca0O-Al,05-MgO system. If the system has low
MgO, the system will change to CaO-Al,O; binary system,
and then based on the phase diagram the composition range
of slag with low melting point (or low viscosity) will be in
the range of chemical composition of Al,O; from 29.2 at%
to 40 at%. Then the composition of the slag after reduction
can be obtained from the second and the third bracket terms
in product side of Eq.(7), and the total mass of the slag can
be expressed as Eq.(10).
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W,

Slag

= I/V((‘aO)ml

= |:]V(C30)A4(C30) + W(Cao)nux + I/V(Ca<>)+N(rvlgo)"\/[(Mgo)]Jr (10)

[2/3(2 + 2‘N(Sioz) + ]v(l-eO) + N(MnO) ) MA1203 + NA1203 }

+W

(CaO)flux

+W

W (ALO;)R.

(MgO)int + VV(AI:O; )int

Where Wgiag, Wioxideyin, W(0Xide)R., Noyige and Moyiqe are total
mass(gram) of slag, mass of raw materials of oxide, mass of
reduced oxide, number of mol of oxide, and molecular
weight of oxide, respectively.

It is noticed that the above equation is for such a reaction
that can be fully reduced. If the reduction rate is considered,
the influence of reduction rate on the reaction should be
taken into account.

3 Experiment

The chemical composition and XRD pattern of acid
soluble titanium bearing slag (ASTS), supplied by
Panzhihua GuoTai Co., China, are shown in Table 1 and
Fig.1, respectively. 50 g of ground ASTS was mixed with

Al powder (99 wt%) and reagent grade of CaO (99.9 wt%).

The mixture was put in an alumina crucible (@50
mmxH100 mm) which was again placed in a graphite
crucible and heated in a preheated resistance furnace (200
mmx200 mmx200 mm). After smelting, the crucible
assembly was taken out from the furnace and the sample
was cooled in the ambient atmosphere. The crucible
assembly was broken after weighing it and the alloy plus
slag were carefully separated. Then, the alloy sample was
weighed to further analyze the slag-alloy separation
efficiency or metallization rate. The chemical composition
of the
fluorescence, while the composition of the alloy were
analyzed by chemical analysis and Inductively Coupled
Plasma (ICP) spectrometer depending on the alloy
elements. Phases of the slag and the alloy were identified
by X-ray diffractometer(XRD) on a PANalytical X’Pert
Powder.

slag was quantitatively analyzed by X-ray

In order to study the effect of materials constituents
(mainly ©Al and CaO) and reaction condition (temperature)
on the production of TiAl alloy, three sets of experiments
were designed based on the material proportioning
calculations shown in section 2 and the details of
experimental conditions are shown in Table 2.

4 Results and Discussion

The specimens in the crucible were clearly separated into
two phases in the all experiments conditions as shown in
Fig.2. In Fig.2, the sample No.0 is selected to be a base
sample to compare other samples at each experimental
condition. The mass of the slag and the alloy after
separation were weighted and the results are shown in Fig.3

Table 1 Chemical composition of acid soluble titanium

bearing slag (wt%)

TiO, FeO CaO MgO SiO, Al O3 MnO

72.65  9.18 1.97 5.64 6.73 2.62 1.22

3 1-FeTi,0,
7 2-MgTi,0,
10000 | 3-MgFe Ti,O,
§ 4-Fe,TiO,
3 5-Fe,Ti,0,,
2 6-CaALSi,O,
wv
£ 5000 |
RS
SOF
fit 2
0F
1 1 1 1 1 1 1 1 1

10 20 30 40 60 70 80 90

50
20/(C)
Fig.1 XRD pattern of acid soluble titanium bearing slag (ASTS)

Table 2 Experimental conditions in this study

Al addition CaO addition Temperature/ Heating time

No coefficient* coefficient™* °C /min
0 0.69 0.85 1550 30
1-1 0.74 0.85 1550 30
1-2 0.656 0.85 1550 30
2-1 0.69 0.936 1550 30
2-2 0.69 0.766 1550 30
2-3 0.69 0.68 1550 30
3-1 0.69 0.85 1450 30
3-2 0.69 0.85 1500 30

* ** Material addition coefficient is the mass ratio of Al or CaO to

mass of ASTS which is 50 g in all experimental conditions

under different experimental conditions. In order to see the
effects
conditions on the product of reduction reactions, the effects

of materials proportioning and experimental
of Al, CaO and temperature on the phase identification,
composition change of the alloy and the slag, distribution of
elements, recovery rate of elements, and reducibility (or
reduction investigated. Also
calculations of material proportioning were conducted by
assuming that reduction rate of TiO,, SiO,, FeO and MnO
were 100% within all reactions.
4.1 Effect of Al

Addition of Al into the reduction system can affect not
only the reducing reaction, but also the slag-alloy separation

rate) were extensively

by varying viscosities of the slag during reduction.
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Fig.2 Macro-appearance of the alloy and the slag after reduction
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Fig.3 Mass evolution of the slag and the alloy after reducing

reaction with different material additions

As can be seen in the No.1 specimen series together with
the base sample No.0 in Fig.2, the alloy looks grey, while
the slag mostly looks black and some part is yellow. Typical
XRD pattern of slag is shown in Fig.4. The main phases of
the slag are mayenite (Ca;,Al;4Os; or 12Ca0-7Al,05),
calcium aluminum oxide (CaAl,0O,), and minor Mg-Ti-O
and Ca-Fe-Si-O phases. The mayenite (Ca;pAl4O;3; or
12Ca0-7A1,0;) may be formed in a kind of wet atmosphere "’

of air cooling in the present study. It is noticed that the
composition of 12Ca0-7Al,05 is between CaAl,O, and
Ca;Al, O, and the formation of CaAl,O4 and 12Ca0-7Al1,0;
phases is well consistent with the results from original
design of material proportioning calculation.

Since most of these complex phases are stable at high
temperatures, which causes the increase of slag viscosity,
the separation is more difficult. Meanwhile, the existence of
Ti other than Ca and Al indicates that slag is not fully
reduced.

The main phases of the alloy after reduction are mostly
titanium aluminide (Al3Tig75Feq,s and TiAl), titanium
silicide (TisSi3), and TiAls, AlTi,, and TisSi; phases present
in all samples as shown in Fig.5. With increase of Al
contents, the intermetallic alloy of TiAl phase disappears
while Al;3Tig;sFe,s phase newly forms. It may be because
increase of Al in the alloy can transform the phase to the
high Al content intermetallic phase. Besides, since the radii
of Ti and Fe are similar, Ti and Fe can possibly make solid
solution!?. Si0,, Al,O;, and Ti,O; phases, considered as
the inclusions in the alloy, are also identified, implying
slag-alloy separation is not fully completed.

The composition of the alloy and the slag were measured
after separation as shown in Fig.6 and Fig.7. Fig.6 shows
that with the increase of Al content in the reducing reaction
the mass fraction of Ti in the alloy is decreased while the
content of Fe, Si and Mn are unchanged. This means
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Fig.4 XRD pattern of slag of sample No.0 after reduction
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Fig.6 Chemical composition of the alloy after reducing reaction

in the present experimental condition that interaction
between Ti and Al is preferentially stronger to form more
titanium aluminide phases than other forms of the alloy
such as titanium silicide. The composition obtained from
material proportioning calculation shows a lower value of
Ti and Fe as compared to experimental results. It is due to
the lower efficiency of Al utilization as in Fig.6 shows that

the Al content is much lower than that after calculation.

From Fig.7, it is known that main components of the slag
system after reducing reaction with different Al additions
are CaO and Al,O;. With the increase of Al in the reaction,
Al,O; content is increased and it is also confirmed in XRD
patterns of the alloy in Fig.6, while the CaO content is
decreased due to mass balance. Although the main
components of the slag vary in composition, it is known
from the thermodynamic calculation by FACTSAGE that all
slag systems in the present experimental temperature range are
fully liquid phases, providing good condition for slag-alloy
separation. The composition for FeO, SiO, and MnO after
reduction is mostly unchanged and usually less than 1 wt%,
implying reduction rate of these components is generally high.

The recovery rate of the elements can be calculated by
Eq.(11H)M

Wy
r,=———x100% (1D
™

where i represents the element, Wj; and W; are the mass
fraction of element in alloy and slag, respectively; m, and
my are the mass of the alloy and slag after reducing reaction,
respectively. The recovery rate of Ti, Si and Fe with Al
addition is plotted in Fig.8. It shows the decrease tendency
for Ti, Si, and Fe, while the calculated results are
unchanged with Al. It is maybe because the Al addition
causes a decrease of Ti and a slight change for other
elements in the alloy as shown in Fig.6, while the changes
of compositions for the Fe, Si and Ti elements in the slag
are usually negligibly small with Al content as shown in
Fig.7. The behavior of recovery of elements in the present
study is opposite to the reported results by Huang et al.!"l,
because the amount of Al in their work is only accounted for
the amount needed for reduction of the slag which is shown
as Wg.a in Eq.(8), while the amount of Al in the present
study is over added for alloying of Al fitted to the target
composition of TiAl alloy.

60

50 0’/
20 A—A\‘

——ALO,
+Ca0 > v
30 o
—¥—MgO
—=TiO,
20 ——Fe0 |.\-\.
—4=Si0, 5 ———=%

0
——MnO 0.66 0.68 0.70

Mass Fraction of Oxides in Slag/wt%

770.66 068 070 072
Al Addition Coefficient

Fig.7 Chemical composition of the slag after reducing reaction
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Fig.8 Recovery rate of elements after reduction

Distribution ratio of the metallic elements was defined as:

Li:hxloo% (12)
(iox)

Where Wy and Wy, are the mass fraction of the element i
in the alloy and oxide in the slag, respectively. The
distribution rate of Ti, Al, Si and Fe were investigated from
experimental results together with the results based on
materials proportioning calculations as shown in Fig.9. At
this stage, the distribution rate of Mn element could not be
estimated because the observed MnO content in the slag is
negligibly small. The distribution rate of Ti is slightly
increased with increasing Al while that of Si, Fe and Al are
not changed, which can be understood by the change of Ti
content in alloy and slag phases with Al addition as shown
in Fig.6 and Fig.7. Although the Ti content in alloy is
decreased during Al reduction as shown in Fig.6, the
amount of TiO, in reduced slag becomes lower than 2%
with the increase of Al content shown in Fig.7, and this
would make slight increase of Ti distribution between the
alloy and the slag. In comparison to calculations, the
distribution rate of Ti, Si and Fe in the experimental
observations shows two orders lower than the calculated
one in which the 100% of reduction rate of each oxide
component was assumed. Nevertheless, the distribution
rates of all elements in the present study present quite large
values, implying high reduction rate of reaction. Similar
work has been reported previously by Huang et al''l in the
work of preparation of Ti-Si-Al alloy by aluminothermic
reduction of blast furnace slag. It was known from their
results that the distribution rate of Ti and Fe were under 10
and 100, respectively. It was compared to the results from
the present study, and it may be due to the large difference
in composition of raw materials.
4.2 Effect of CaO

With change of CaO contents as shown in Fig.10, not
much phase change was observed except for Ti;Os formed

xX TErms e memms = = tmenen = omeme=
3100000 b oo TTIITTITee "‘fT‘
P @ LAl
é ——Lgj
2 10000 ¢ —¥-LFe

- - Cal.LTj
5 —x ‘
S — - v — —Calla]
§ 1000 o Cal.Lgj
p - -CalLge
o
=
£ 100} - —emmm mm T m
3 o— @ —e
a

0.66 0.68 0.70 0.72 0.74 076 0.78
Al Addition Coefficient

Fig.9 Distribution ratio of elements after reduction
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+ A

Intensity/a.u.
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Fig.10 XRD patterns of the alloys reduced by different CaO

additions

in the No.2-1 sample. The main phases of them are
identified as TiAl, Tiy7sFeg,sAl; and TisSi;.

The chemical compositions of the slag with CaO addition
were analyzed and the result is shown in Fig.11. It shows
that with the CaO addition the mass fraction of CaO is
increased and that of Al,O; is decreased, while composi-
tions of other oxide components remain very low and a
constant level in the slag. Similar to the results shown in
Fig.7, the reduction rate of MnO, FeO and SiO, generally
shows high values and it can be able to reach the maximum
reduction rate under the present experimental condition.
Also MgO in the slag remains original composition,
because it is not reduced by Al in the present study. Thus
only the composition of Al,Oj; is changed as CaO content in
the slag is increased. Al,O; content from the experimental
observation is generally lower than results from the
material proportioning calculations, probably due to the
of ALO; from AlO;
aluminothermic reduction reaction of the present study.
Although the compositions of CaO and Al,O; differ from

dissolution crucible during
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the calculated, the overall composition ratio between CaO
and Al,Oj; are still in the target composition range of liquid
phase in the CaO-Al,O; system.

Since the Al from the raw materials can be inevitably
oxidized and dissolved into slag phase, the amount of Al
in alloy as shown in Fig.12 presents a lower value
compared to the calculated composition. It is noticed
from Fig.12 that change of CaO in the slag does not
affect the final composition of the alloy obviously.
Compared with results discussed in Section 4.1, it
implies that the CaO content can mainly contribute to the
control of slag composition, while the composition of the
alloy is mainly determined by the Al addition other than
CaO. However, CaO change affects the recovery rate of
elements in the alloy as shown in Fig.13, because of the
high reduction rate of oxide components with small
composition change of elements in the alloy. The change
of recovery rates of Fe and Si is apparent and it shows an
increase tendency for Fe and decrease tendency for Si.
This phenomenon could be understood by considering
interaction between CaO and SiO,, and CaO and Al,O;.
Since there exists strong attractive interaction among
Ca0-Si0,, and Ca0-Al,0; pairs in the liquid phase L8
increase of CaO in the slag can decrease Al,O; by
forming stable calcium aluminide and calcium silicate
pairs or compounds. It is further confirmed by the XRD
results as shown in Fig.4.

In this series of experiments, relatively high order of
distributions of elements is also observed as shown in
Fig.14. It seems the effect of CaO addition is not obvious
on the distribution of elements.

4.3 Effect of temperature

With changing the temperature shown in Fig.15, the
phases of the alloy are mainly TisSi;, TiAl, and
TigsFeg25Als. It is noticed that the Al,O; phase appears at
low temperature and this is probably because the Al,O;
inclusion formed during reducing reaction may not dissolve
into the slag at low temperatures.

Compositional change of the slag and the alloy at
different temperatures are shown in Fig.16 and Fig.17.
With the increase of temperature, the content of Al,O3
is increased. This increase of Al,O; is consistent with
Al increase in the alloy as they can be
thermodynamically stable at high temperature. It
generally shows an increase tendency for the recovery
rate and distribution rate for most reduced elements as
shown in Fig.18 and Fig.19.

4.4 Reducibility of slag

Based on the reduction efficiency of aluminothermic
reaction, the reducibility of the slag (or reduction rate) was
investigated by counting the mass of oxygen in the slag
before and after reduction as shown from Eq.(13) to
Eq.(15).
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Fig.20 to Fig.23 show the results of the reduction rate

under different experimental conditions. It can be seen from
the results that the reduction rates of the slag for all series
of experiments could reach about 95%, implying a high
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Fig.22 Reduction rate of the slag at different temperatures

reducibility at the present study. Taking the 1wt% of error
range of experiments into consideration, the reduction rate
at different Al and CaO additions does not change much,
while the reduction rate at different temperatures can be
increased. Moreover, it is interesting to notice that the
behavior of metallization rate (ratio of metal mass to sum of
metal and slag mass) has a very similar tendency with the
reduction rate of slag. In order to see the effect of heating
time on reducibility of oxide, the experiments with different
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Fig.23 Reduction rate of the slag at different holding times

heating times were also conducted and it is shown in Fig.23.
It is clearly seen that the maximum reducibility of slag
could be obtained after 30 min.

5 Conclusions

1) The preparation of TiAl intermetallic alloys by the
aluminothermic reduction reaction of acid soluble titanium
slag (ASTS) is performed for the first time in the present
study under a not strictly reduced atmosphere. By
considering all possible reduction reactions and materials
of the system, it
successfully produce the TiAl intermetallic alloy.

2) It could make production of TiAl intermetallic alloy
with good slag-alloy separation if the phases of the slag
after reduction are controlled to be liquid calcium aluminate
phases of low melting point. The main phases of the slag
are identified mainly as CaAl,0, and 12Ca0-7Al,0;, while
the main phases of the alloy after reduction are identified as
TiAl, Al;Tiy7sFeg,s (or TiAl; phase) and TisSis.

3) The Al in the raw materials mainly affects the
composition of TiAl and it shows the decrease tendency of
all species and slight increase of distribution ratio for most
reduced elements.

4) The CaO addition mainly influences the slag-alloy
separation by varying fluidity of the slag other than the
composition of final product of TiAl alloy. Change of CaO
the recovery rate of elements in the alloy markedly, and
among them the change of recovery rate for Fe and Si is
most significant.

proportioning calculations could

5) The temperature can affect the reducing reaction in
such a way that it shows increase of recovery rate and
distribution ratio for the most reduced elements.

6) The reducibility of slag is about 95% under all the
experimental conditions. The behavior of slag reducibility
is very similar to the metallization rate after reaction and the
increase tendency occurs with the increase of temperature
and holding time.
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