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Preparation of TiAl and Ti;Al Powders
by Calciothermic Reduction of Oxides

By R. O. Suzuki*, M. Ikezawa™*, T. H. Okabe™**,
T. Oishi* and K. Ono*

The clean and fine Ti; Al and TiAl compound powders were produced directly from the oxide mixtures of TiO, and
Al O, by the calciothermic reduction using vapor calcium, liquid calcium or CaH,. This procedure consists of three
steps: raw oxide blending, co-reduction and leaching. The history of the preparation of the oxide mixtures had no effect
on the production of the powders of a desired composition. The use of CaH, powder for the reduction gave better results
than that of the other reductants on the oxygen contents in the reduced powders. The indication on stoichiometric con-

trol in this procedure is thermodynamically discussed.

(Received September 7, 1989)
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I. Imntroduction

In the last ten years, there has been considerable in-
terest in titanium-aluminum intermetallic compounds,
Ti;Al, TiAl and TiAl;, as materials for products, such as
engine parts. The consolidated parts made of the alloy
‘powders by HIP- or CIP-vacuum sintering are very
useful. Atomizing is one of the effective methods of pro-
ducing these alloy powders. Another possibility is a
novel method of producing TiAl and Ti;Al powders by
calciothermic reduction of oxide mixtures, which is the
method examined in this work.

So far the direct compound reduction techniques,
called the co-reduction and Reduction-Diffusion (RD)
processes, have been successfully used for the prepara-
tion of permanent magnetic materials, such as Sm-
Co®-® apnd Nd-Fe-B¥®, and the superconducting
NbsSn powders®. Previously the authors briefly reported
that Ti-Al alloy powder can be obtained from the mixed
oxide by the co-reduction using Ca vapor”. The obtained
powder was very fine, since calciothermic reduction of ox-
ides produces alloy powder at low temperatures without
melting. The chemical reactions to produce TiAl and
Ti; Al from oxides can be described by the equations:

2TiO,+ Al,03+7Ca=2TiAl+7Ca0O
6T102 + A1203 +15Ca= 2T13A1 +15Ca0

CaH, is also available for the reduction of TiO, and
Al,O; because of its strong affinity with oxygen. This
has been used to produce Sm-Co and Nd-Fe-B magnets
by the co-reduction or RD process®®. These reactions
are characterized by starting from easily available
oxides, but there are some difficulties” depending on:

* Department of Metallurgy, Kyoto University, Yoshida-Hon-
machi, Sakyo-ku, Kyoto 606, Japan.
**  Graduate Student, Kyoto University, Kyoto.

(1) removal of oxygen to the level satisfying the com-
mercial standards, (2) single phase preparation, and (3)
stoichiometry control of the compounds. It should be
noted that titanium and calcium are mutually insoluble®,
while calcium and aluminum may form a liquid alloy or
CaAl, at the reduction temperature®®.

Our first report on the calciothermic reaction in Ti-Al
system mainly dealt with the preparation of Ti-dilute Al
alloys”. This paper reports the results of experimental in-
vestigations directed towards the production of clean
TiAl and Tis;Al compounds by the co-reduction process
using calcium hydride in addition to calcium.

II. Experimental Procedure

Two non-stoichiometric phases, Ti; Al and TiAl, and a
stoichiometric TiAl; are present in the Ti-Al system!?.
TisAl and TiAl compounds were formed by reducing the
mixture of TiO, and Al,O; with calcium as the reducing
agent. Figure 1 represents the procedure of this work;
raw material blending, high temperature reaction and
acid leaching for removal of the by-product CaO.

1. Preparation of oxide mixture

For the preparation of oxide mixture, the following
three methods were employed in this work:

(1) Co-precipitation from chloride solution

High-purity TiCl, and AlCl;-6H,0 were dissolved at a
desired atomic ratio in concentrated HCI solution. This
solution was dropped into aqueous ammonium solution,
and the pH of the neutralized solution was controlled be-
tween 5 and 7. After separation of the precipitates from
the solution by centrifugation, the ammonium chloride
adhering to the precipitates was removed by rinsing
several times with distilled water. The white-colored cake
of dried precipitate was ground into powder, and cal-
cined at 873 K over night in air to evaporate any NH,CI
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(2) Co-precipitation from sulfate solution

TiO, was dissolved in H,SO, aqueous solution with
(NH,),S0O,, and Al,(SO4); was separately dissolved in
water. These blended solutions were added into am-
monium solution and the simultaneous precipitates were
rinsed, dried and calcined at 1173 K for 10 ks in air.

(3) Mechanical mixing of oxide

The mechanical mixture was prepared by mixing rutile
and «-alumina powder in a desired ratio using an agate
mortar. The particle sizes of high purity TiO; and Al,O;
used here were in the order of sub-microns.

Three possible kinds of reductant (vapor calcium, lig-
uid calcium and solid CaH, powder) are applicable to the
reduction of oxides. The choice was made after examina-
tion of all three cases. Both the calcium and CaH, used in
this study were of about 98% purity: CaO was the main
impurity.

2. Reduction and leaching

The reduction experiments were carried out in a
stainless steel vessel. In the case of reduction by calcium
saturated vapor, the apparatus and experimental method
have been described previously®?U? and only a brief
outline will be given here. The reducing agent was put on
the bottom of the vessel, and the premixed oxide powder

was placed on a molybdenum tray in the vessel. After a
given holding time in the purified argon atmosphere at a
reduction temperature between 1123 and 1373 K, the
vessel was cooled in a furnace. Equilibrium vapor
pressure of calcium is evaluated to be 1750 Pa at 1273
K", Special care was taken to avoid the leakage of the
reductant from the vessel.

For the reduction by liquid calcium, the calcium metal
granules were mixed with the oxide mixture and loaded
on a molybdenum tray. For the reduction by CaH,, 1.2
to 3.0 times the stoichiometric quantities of CaH,
powder were well blended with the oxide mixture, com-
pacted into a disk and inserted into a reduction vessel
lined with molybdenum.

The reduction products containing the desired com-
pound, CaO and the residual reducing agent often
formed a hard cake especially when liquid calcium or
CaH, was used. They were crushed and slurried in 1.53
mol-kg~! NH,Cl, CH;COOH (pH=3) or 1kmol-m™3
HCI aqueous solution with supersonic vibration or stir-
ring. The centrifugated compound powders were rinsed
with distilled water, alcohol and acetone, then dried in'a
vacuum.

3. Analysis of obtained compounds

The identification of the phases existing in the
specimens was carried out by X-ray diffractometry using
a Philips PW1700 system, and the results were compared
with JCPDS cards. X-ray microprobe analysis (XMA,
Hitachi X-650) was done to obtain the compositional pro-
files. The morphology and configuration of the powder
were examined by scanning electron microscopy (SEM,
Hitachi S-450) without etching and without electron-con-
ductive evaporated film. Specimens were analyzed for ox-
ygen and calcium. A LECO TC336 analyzer was used for
oxygen analysis, and calcium was chemically analyzed by
both atomic absorption spectrometry (SIMADZU AA-
670) and inductively coupled plasma-atomic emission
spectrometry (ICP-AES, Nippon Jarrell-Ash, ICAP-
5751I).

III. Results

1. Preparation of Ti;Al

The calcined precipitates started from the chloride or
sulfate were identified as the mixture of TiO, and Al,O;
by X-ray diffraction measurements. The specimens reduc-
ed by calcium vapor or calcium liquid consisted of the
desired compound and the by-product, CaO. The excess
reducing agent, calcium, also coexisted with them. These
results agreed well with our previous work®. Figure 2
shows the X-ray diffraction patterns of the samples reduc-
ed by CaH,, where (a) and (b) show the reduction pro-
ducts and the compound powders after leaching, respec-
tively. The metallic calcium was often found after reduc-
tion by CaH,, while CaH, was hardly detected by X-ray
diffraction measurements. CaO and calcium were easily
removed by the wet method. In the case of the powders
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Fig. 2 X-ray diffraction patterns using Cu K¢, of the Ti;Al powder.
The pattern (a) was for the specimen reduced at 1273 X for 43.2 ks by
CaH,, and the pattern (b) was for the same specimen after leaching
of the reduced specimen with CH;COOH aqueous solution.

after leaching, after being reduced by calcium vapor,
calcium liquid or CaH,, X-ray diffraction measurements
confirmed that the Ti;Al single phase existed in all the
specimens started from the oxide mixture containing
Al,O; and TiO, with a Al/Ti ratio of 1/3. From the view
of identification of the formed phases, there was no
difference between the specimens started from the calcin-
ed oxide mixtures and the mechanical oxide mixture. No
oxides nor transient phases were detected in the samples
reduced for periods longer than 3.6 ks, which was the
shortest in this work. Ca-Al alloys as the by-product
were never detected after the reduction.

Table 1 summarizes the analyses of Ca and oxygen con-
tents in the reduced Ti; Al powders. Three leaching solu-
tions, NH,Cl, CH;COOH and HCI aqueous solutions,
were used to dissolve the by-product CaO and the
residual reducing agent, but no significant difference was

Table 1 Results of chemical analyses of oxygen and calcium in the
Ti;Al specimens after being reduced by CaH, and following leaching
by NH,C], CH,COOH and HCI aqueous solutions.

Leaching solution

Reducing

condition gy OOH aq. HCI agq. NH,CI aq.
1223 K 4600 ppm O 4300 ppm O 5600 ppm O
86.4 ks 1000 ppm Ca 990 ppm Ca 930 ppm Ca
1273 K 2900 ppm O 3100 ppm O

21.6 ks 830 ppm Ca 1000 ppm Ca -

1273 K 2500 ppm O 2500 ppm O

21.6 ks 230 ppm Ca 270 ppm Ca -

1273 K 2200 ppm O 3500 ppm O

21.6 ks 220 ppm Ca 180 ppm Ca -
1323K 1600 ppm O . 1200 ppm O
43.2 ks 2300 ppm Ca 630 ppm Ca

recognized among them. The analyzed oxygen and
calcium level in the Ti; Al compound powders depended
strongly on the experimental conditions. The oxygen con-
tents of the powders reduced by vapor calcium or liquid
calcium were about 2500-4000 mass ppm, which was
higher than those by CaH (about 1200-3000 ppm).
From 73 independent experiments we obtained the lowest
contents of oxygen and calcium as 1200 mass ppm and
180 mass ppm, respectively.

To clarify the effect of the oxygen dissolved in the
leaching solution, argon gas, air or pure oxygen gas was
blown into the CH;COOH solution before and during
leaching. As seen in Table 2 three kinds of gases gave
similar results. Stirring the solution by gas bubbling
might have an effect on impurity elimination on the sur-
face of the reduced powder.

The scanning electron micrographs in Figs. 3-5 reveal-
ed the morphology of the calciothermic Ti; Al powders.
The fine isolated particles could be seen after the removal
of CaO. The particle size depended significantly on the
reducing temperature, the reducing period and the reduc-
tant, but not on the history of the starting oxide mixture.
The reduced powders were found to have a tendency to
be sintered at higher temperatures or for longer periods,
and to decrease their oxygen contents.

Titanium and aluminum atoms in the reduced powder
were dispersed homogeneously within the limit of resolu-
tion of XMA. We could not detect any traces of chlorine
or sulfur in the reduced specimens, which might have
come from the starting chloride or sulfate”. Since the
chemically analyzed aluminum concentration of the
reduced Tiz Al powder corresponded to the nominal con-
tent (25 mol%Al) within the experimental error(=*2
mol%), as will be mentioned later, we concluded that the
obtained powder consisted of homogeneous Ti;Al in-
termetallic compound with the desired composition.

2. Preparation of hexagonal solid solution

After leaching, X-ray diffraction measurements for Ti-
0 to 40 mol9%Al powders confirmed that the hexagonal
phase (a-Ti and TisAl) existed in all the samples reduced

Table 2 Results of chemical analyses of oxygen and calcium in the
Ti;Al specimens after being reduced by CaH, and following leaching
by CH;COOH aqueous solutions for 14.4 ks, where argon gas, ox-
ygen gas or air was blown into the solutions before and during
leaching.

Leaching solution

Reducing

condition  A; i pbling Non bubbling Air bubbling O, bubbling
1223 K 5400 ppm O 5800 ppm O 5900 ppm O

43.2 ks 940 ppm Ca 1000 ppm Ca 1000 ppm Ca -

1273 K 2900 ppm O 3700 ppm O

21.6ks 790 ppm Ca 900 ppm Ca - -

1323 K 2400 ppm O 2200 ppm O . 2300 ppm O
86.4 ks 300 ppm Ca 450 ppm Ca 340 ppm Ca
1323 K 2200 ppm O _ 200 ppm O
43.2ks 390 ppm Ca 460 ppm Ca
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(a)

Fig. 3 Scanning electron micrographs of Ti; Al powders reduced by CaH, for 43.2 ks at 1223 X (a) and 1323 K (b), respectively.
CaO was removed by leaching. The oxygen contents of these powders were analyzed to be 4500 and 2600 ppm for (a) and

(b), respectively.

(a)

(c)

Fig. 4 Scanning electron micrographs of Ti;Al powders reduced by CaH, at 1273 K for 10.8 ks (a), for 43.2 ks (b) and for 86.4
ks (c). CaO was removed by leaching. The oxygen contents of these powders were analyzed to be 2600, 2100 and 2100 ppm

for (a), (b) and (c), respectively.

at 1273 K for 3.6-180 ks. According to the phase
diagram?, Ti-Al alloys in a lower aluminum concentra-
tion than 8.6 mol%Al should have the high temperature
form, S-Ti, at 1273 K, but the obtained powders in this
compositional range were still hexagonal even when the
vessel containing the reduced sample was rapidly cooled
into water were from the reduction temperature. They
must have, therefore, transformed into «-Ti during cool-
ing. The lattice constants of the hexagonal «-Ti and
Ti;Al phases obtained by this co-reduction technique
using CaH, were plotted in Fig. 6 against the nominal
aluminum composition of the starting oxide mixture. For
comparison, the compositional ranges of the stable
phases at 1273 K are in the upper part of Fig. 6, which is

cited from the latest Ti-Al phase diagram®?. The lattice
constants coincided well with the previous measurements
made on the bulk samples"¥", and with our previous
report of the co-reduction experiments by vapor
calcium®. The measured lattice parameters decrease
smoothly in each phase, showing that the powders ob-
tained by this method have the same aluminum concentra-
tion as the bulk alloys.

Figure 7 shows the relationship between the nominal
and analytical aluminum contents of the reduced
powders. The nominal compositions were fairly well
maintained also in the final alloys although the data were
somewhat scattered in the region of aluminum content
more than 40 mol%Al, where Ti;Al and TiAl coexist.
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(a)

Fig. 5 Scanning electron micrographs of Ti; Al powders reduced at 1273 K for 10.8 ks by calcium vapor (a) and calcium liquid

(b). CaO was removed by leaching.
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Fig. 6 Lattice constants of the hexagonal phases after reduction by
CaH, at 1273 K for 43.2 ks. The symbols in the figure are as follows;
®: This study by CaH,, O: Suzuki ef al. by calcium vapor”, A:

Ogden et al.™, {: Bumps et al."?, O: Clark et al."® and V:

Crossley!”.

3. Preparation of TiAl

By using CaH; as the reducing agent, TiAl single phase
was successfully produced after the reduction at 1273 K
from either the calcined oxide mixture or the mechanical-
ly mixed oxides, which contained Ti and Al with the
atomic ratio of 1:1. Ti-50 mol%Al powder formed by

(b)
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Fig. 7 Analyzed aluminum contents against the nominal aluminum
compositions in the starting oxide mixture. The nominal composi-
tions are shown as the ratio of Al/(Al+Ti). The open and closed
circles show the analyzed values of the specimens reduced at 1273 K
for 10.8 ks and 43.2 ks.

this procedure was about 1 um in particle size and con-
tained about 3000 ppm oxygen and 1150 ppm calcium on
the average of six independent runs.

For the reduction of the oxide mixture containing Ti
and Al with the ratio of 1:1, however, Ti;Al compound
and CaAl, were preferentially produced in addition to
TiAl, both when the excessive amount of vapor calcium
or liquid calcium was used and when the reduction time
was longer than 10 ks at 1273 K. The same result has
already been reported elsewhere”. For the powder reduc-
ed by using 1.2 to 2.0 times the stoichiometric amount of
CaH,, only TiAl was detected by the X-ray diffraction.
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However 3.0 times the stoichiometric amount produced
the mixture of TiAl and Ti;Al after the reduction and
leaching. The evidence of the loss of aluminum atoms for
the reduced powders were also shown in Fig. 7. The for-
mation of Ti;Al coexisting with TiAl depended on the
quantities of CaH,, as mentioned above.

IV. Discussion

1. Oxygen content in the reduced compound

Oxygen contents have been experimentally achieved to
be about 2000 mass ppm for pure titanium® and 800-
2400 ppm for Ti-6Al-4V alloy®® by the calciothermic
method using liquid calcium, although the lowest limit of
oxygen content in titanium wire at 1273 K is 500 ppm“?
or 650 ppm®”, which has been achieved only from ther-
modynamic equilibrium among titanium, calcium, and
calcium oxide. Because of the lack of information about
the solubility limit of oxygen in Ti;Al and TiAl, and
about their thermodynamic data for oxygen, it cannot be
judged at this stage whether our oxygen content attained
experimentally (1200 ppm at lowest) is reasonable.
Figures 3 and 4 show that the oxygen content in the reduc-
ed Ti;Al powders depends on the particle size. This
means that the oxygen content is considerably affected by
the re-oxidation on the surface of the fine particles occur-
ring during handling in air after the reduction.

2. Calcium hydride as a reductant

CaH; has been considered to decompose completely
into calcium and hydrogen gas below 1273 K®@?, Based
on these data, CaH, may attack the oxide mixture as a
form of vapor calcium or liquid calcium at the reduction
temperature. CaH, powder could be blended with oxides
better than calcium granules and located more closely
near the oxide mixtures. Therefore, CaH, powder can
have wider reaction area with the oxide mixture than
calcium granules, and CaH, might be able to decrease the
oxygen content in Ti; Al more effectively than the vapor
or liquid calcium.

The thermodynamic data®@-2» however, show that
CaH; does not decompose completely and a part of CaH,
remains in its solid or liquid form even in the reduction
temperature range if the decomposed hydrogen gas does
not escape from the vessel: the equilibrium hydrogen
pressure at its melting temperature, 1273 K, has been
evaluated to be 29?3, 48?9 or 63 kPa!¥®, Residual CaH,
can contribute directly to the reduction of the oxides,
and hydrogen gas is produced by the reaction.

Since the initial reductant, CaH,, could not be found
after the reduction, the former mechanism might be possi-
ble. However, due to no other supporting evidences we
cannot judge which mechanism operated. No matter
which mechanism takes place in the case when CaH, is
used, however, hydrogen gas is produced during the
reduction and it gives higher pressure to the reduction
vessel: if the charged CaH, decomposed completely, for
example, the hydrogen pressure would arrive to a few

tens of MPa. Most of the hydrogen gas might leak out of
the vessel from the gap between the vessel and the lid, or
diffuse through the stainless steel wall, but this is not a
serious problem for the reduction of oxides, because
hydrogen gas can thermodynamically reduce TiO, only
to Ti,0;*. In this paper, the stoichiometric amount of
CaH, was calculated by assuming hydrogen gas reduces
no oxide.

3. Ti-Al-Ca-0O phase diagram

Figures 8 and 9 show the evaluated phase equilibria in
the Ti-Al-Ca-O quaternary system at 1273 K, which
were calculated by the binary phase diagrams®-()@6-Gh
and a reasonable extrapolation of the thermodynamic
data(9@@H3D-69  supposing that there is no complex ox-
ide containing three metallic selements and no compound
in the Ti-Al-Ca ternary system. We also neglected the
solubilities of oxygen in TiO®G%Y apd in liquid
calcium®, and the existence of higher Magneli phases® in
the Ti-O system because their data were unknown or
unreliable, but they do not significantly affect the results
in Fig. 8. From Fig. 8, it is obvious that there are no Ti-
containing oxides at the oxygen partial pressure below
log (Po,/Pa)=—29.58, and no Al-containing oxides
below log (Po,/Pa)= —31.00. No oxides except for CaO
can stably exist at the oxygen partial pressure of Ca-CaO
(log (Po,/Pa)=—36.37). Even if some complex oxides
exist stably in the Ti-Al-Ca-O system, for example,
CaTi;Als01,%?, and even if some transient phases such as
TiO and Ti,O; are formed on the way of the reduction,
they can be decomposed to a metallic state in the suc-
cessive reduction.

The activities of aluminum at 1273 K in the Ti-Al and
Ca-Al systems were evaluated by the regular solution
approximation using the reported thermodynamic
values@©3-39_ The activities in both systems showed
large negative deviations from the ideal solution. Based
on the calculated activities and the reported ther-
modynamic data®, the phase equilibria and the conjuga-
tion lines were estimated on the Ti-Al-Ca ternary
diagram in Fig. 9, taking account of the experimental
results in this work that the solubilities of calcium in
Ti;Al and TiAl were very small. However, since there
was no report about the solubilities of calcium in TiAls
nor of titanium in CaAl,, they are neglected in Fig. 9.

The phase equilibria in Fig. 9 show that «-Ti and §-Ti
are in equilibrium with almost pure liquid calcium, i.e. at
maximum 0.55 mol%Al and 1.59 mol%Al, respectively.
But the region coexisting with Ti;Al and TiAl is in
equilibrium with the liquid Ca-12.2 mol%Al alloy, and
TiAl single phase can coexist with the calcium liquid for
a wide compositional range between 12.2 and 48.4
mol%Al at 1273 K. Metallic titanium and Ti;Al after the
reduction are, therefore, equilibrated with calcium rich
Ca-Al alloys, but the TiAl phase cannot be equilibrated
with this Ca-dilute aluminum alloys. This is due to the
fact that since an excessive amount of calcium is used for
the reduction of these experiments because of leakage
of calcium vapor, the obtained TiAl powders lose
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Fig. 8 Calculated phase diagrams of three ternary systems of four elements at 1273 K. The phase equilibria were estimated by
the oxygen partial pressure and binary phase diagrams®-!DU3@¥-6% of four elements. The figure also shows the logarithm of
the oxygen partial pressure (log (Po, /Pa)) in the ternary systems.
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Fig. 9 Calculated phase diagram and aluminum activity (a,;) of the
Ti-Al-Ca ternary system at 1273 K.

aluminum after their reduction by producing Ca-Al
alloys. This may be the reason why some analyzed
aluminum contents over 40 mol%Al were slightly lower
than the nominal content as shown in Fig. 7. In produc-
ing the TiAl phase by using liquid or vapor calcium,
Tis Al and CaAl, were detected after the co-reduction. Ac-
cording to the phase equilibria mentioned above, CaAl,
may be formed during solidification of aluminum rich
calcium liquid alloy. When quite an excessive amount of
CaH, was used for the preparation of TiAl, Ti;Al was
also detected in addition to TiAl. This suggests that
neither CaH, nor hydrogen gas significantly change the
phase equilibria shown in Fig. 9 even if hydrogen lowers
the activity of calcium when CaH, coexists with
calcium®. TiAl might coexist, therefore, with Ti; Al and
aluminum rich Ca-Al liquid when the amount of CaH,

is excessive for the reduction. For further quantitative
discussion, information about the Ti-Al-Ca-O-H sys-
tem is required.

V. Conclusion

The clean and fine Ti;Al and TiAl compound powders
were produced directly from the oxide mixtures of TiO,
and Al,O; by calciothermic reduction using vapor
calcium, liquid calcium or CaH,. This procedure consists
of three steps: raw oxide blending, co-reduction and
leaching. The methods for the preparation of the oxides
mixtures had no effect on the production of the powders
of a desired composition. The use of CaH, powder for
the reduction gave better results than that of the other
reductants on oxygen contents in the reduced powders.
The lowest impurities in the Ti;Al powder were 1200
mass ppm oxygen and 180 ppm calcium.

The thermodynamic considerations for the prepara-
tion of stoichiometric TiAl single phase in this calciother-
mic process were base on the construction of Ti~Al-Ca
ternary phase diagrams.
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