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@ Titanium-aluminium intermetallic compound and process for its preparation.

@) A Ti-Al intermetallic compound comprising 40 to 52 atomic % of Ti and 48 to 60 atomic % of Al and
containing 10 to 3000 atomic ppm of at least one of the elements P, As and Sb (elements of the group V) and
Se and Te (elements of the group VI) has an excellent room-temperature ductility and an excellent high-
temperature oxidation resistance. This intermetallic compound is prepared by melting and solidifying a starting
material having the above-mentioned composition in an inert gas atmosphere and, if necessary, annealing the
solidified product, preferably at a temperature of 900 to 1000° C.
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Ti-AL INTERMETALLIC COMPOUND AND PROCESS FOR PREPARATION THEREOF

The present invention relates to a Ti-AL intermetallic compound having an improved room-temperature
ductility and high-temperature oxidation resistance, and is suitable for use as a high-temperature heat-
resistant strength material for aircraft turbine engines, gas turbines for power generators, automobile
engines, rotation bodies and the like, and further, to a process for the preparation of this intermetailic
compound.

The Ti-AfL intermetallic compound has almost the highest high-temperature specific strength among
metallic materials, and furthermore, has an excellent corrosion resistance and a light weight. It was reported
in Metailurgical Transaction, Vol. 6A (1975), page 1991, that a high-temperature strength of 40 kg/mm? was
obtained at 800" C, and therefore, it is considered that the Ti-AL intermetallic compound is most suitable for
application to parts of gas turbines, valves and pistons of automobile engines, high-temperature dies,
bearing parts and the like, due to the foregoing excellent characteristics.

The Ti-Al intermetallic compound has a composition latitude in the phase diagram, and in the
composition range of 40 to 52 atomic % of Ti and 60 to 48 atomic % of Af, an Llo structure (basically a
face-centered tetragonal structure but wherein the Ti layers and Al layers are arranged alternately in the
[001] direction) is formed in the thermally equilibriated state. Accordingly, an abnormal strengthening
phenomenon wherein the strength is increased in the single crystal state with an increase of the
temperature was found, and it is known that, even in the case of polycrystal materials, the strength is not
reduced at a high temperature of up to 800° C. Nevertheless, the polycrystals of the Ti-Af intermetallic
compound are defective in that the ductility is low at temperatures ranging from room temperature to about
700° C. For example, in the case of a composition of 48 atomic % of Ti and 52 atomic % of Af, the
compressibility is 0.4% at room temperature and about 1.1% at 700° C (see JP-B-59-581).

The difficulties encountered in the development of a Ti-Al intermetallic compound as a practical material
are mainly concerned with how to maintain a good room-temperature ductility, and it has been confirmed
that an addition of Mn is effective for this purpose (see JP-A-61-41740).

It has been reporied, however, that the addition of Mn leads to a lowering of the high-temperature
oxidation resistance (Tsurumi et al., Symposium of Japanese Association of Metals, Plastic Deformation of

_Ordered Alloys and Intermetallic Compounds, page 13, July 16, 1988).

Further, since the Ti-Al intermetailic compound has a light weight, a high heat-resistance, and an
excellent corrosion resistancs, it is suitable for a turbine blade to be used at high temperatures. However
since the room-temperature ductility of the Ti-Al intermetallic compound is low (the compressibility is
0.4%), a casting or forging thereof is difficult and the safety reliability at room temperature is poor, and thus
a practical utilization thereof is uncertain. Moreover, as a practical material for designing, a room-
temperature ductility is necessary. .

Therefore, a primary object of the present invention is fo provide a Ti-Al intermetallic compound
material having a room-temperature compressibility of at least 25% and an improved high-temperature
oxidation resistancs.

More specifically, in accordance with the present invention, there is provided a Ti-Al intermetallic
compound comprising 40 to 52 atomic % of Ti and 48 to 60 atomic % of Al, and further, containing 10 to
3000 atomic ppm of at least one of the elemenis P, As and Sb (elements of the group V) and Se and Te
(elements of the group V), wherein the basic crystal structure of the matrix is an ordered structure of the
Llo type, the room-temperature compressibility (ductility) is high, and a good high-temperature oxidation
resistance is retained.

Furthermore, in accordance with the present invention, there is provided a process for the preparation
of a Ti-Al intermetallic compound material, which comprises melting and solidifying a starting material
having the above-mentioned composition in an inert gas atmosphere and, if necessary, annealing the
solidified product.

Figure 1 illusirates the relationship between the amount added of phosphorus (P) and the compres-
sibility in the Ti-Al intermetallic compound; and,

Fig. 2 shows a siress-strain curve illustrating the results of the room temperature compression test of
the materials of the present invention.

The present inventors carried out investigations into improving the ductility in the Ti-Al intermetallic
compound, and as a result, found that, in the Ti-Al intermetallic compound in which at least one of the
elements P, As and Sb (elements of the group V) and Se and Te {slements of the group Vi) is incorporated,
the compressibility is at least 25% at room temperature and about 60% at 600° C, and the ductility at
temperatures ranging from room temperature to about 700°C is greatly improved. Since in the tertiary
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slement-free Ti-Al intermetallic compound (comprising 48 atomic % of Ti and 52 atomic % of Al), the
compressibility is 0.4% and 1.1% at 700° C (see JP-A-82-215), it is considered that this remarkable
performance is due to the incorporation of the above-mentioned tertiary component. Furthermore, it was
found that the high-temperature oxidation resistance is greatly improved when compared to that of the
tortiary element-free Ti-Al intermetallic compound and the Mn-added Ti-Al intermetallic compound.

The present invention will now be described in detail. In the present invention, the Ti content is adjusted
to 40 to 52 atomic % to obtain a single phase of the Ti-Al intermetallic compound or a composition
comprising a matrix of the Ti-Al intermetallic compound and a minor amount of a second phase of TisAl. If
the Ti content is outside the above-mentioned range, an incorporation of another second phase occurs and
good results cannot be attained. More specifically, if the Ti content is lower than 40 atomic %, AlzTi or Al Ti
is present as the second phase and the presence of these compounds is not preferable, since they are
brittle. If the Ti content exceeds 52 atomic %, the amount of TisAl as the second phase is increased. The
high-temperature strength of TisAl is lower than that of TiAl, and therefore, from the viewpoint of the high-
temperature strength, a large proportion of TizAl is not preferable.

Namely, if the Ti content is from 40 to 50 atomic %, a single phase (Llo type ordered siruciure) of the
Ti-Al intermetallic compound is obtained, and if the Ti content is higher than 50 atomic % and up to 52
atomic %, TisAl (DO1s type ordered structure) is partially included as the second phase in the above-
mentioned single phase. In the compound having this microstructure, the room-temperature ductility is
improved when compared to that of the compound composed solely of the single phase, under some
heating conditions. If the Ti content is 40 to 45 atomic %, an incorporation of Al2Ti as the second phase
becomes possible under some casting or forging conditions, and the improvement of the ductility is
reduced. Therefore, in the present invention, in view of the microstructure, preferably the lower limit of the
Ti content is 45 atomic %.

In the present invention, an element of the group V (P, As or Sb) and/or an element of the group Vi (Se
or Te) is incorporated in an amount of 10 to 3000 atomic ppm.

If the element of the group V (P, As or Sb) and/or the compound of the group VI (Se or Te) is present
in the Ti-Al intermetallic compound, the stacking fault energy is reduced and twinning easily occurs during
plastic deformation, with the result that the room-temperature ductility is improved. This effect is enhanced
with an increase of the content of the additive element, as shown in Fig. 1.

Neverthsless, if the content-of the additive slement exceeds 3000 atomic ppm, the element of the group
V (P, As or Sb) or the element of the group VI (Se or Te) is bonded to Ti to form a compound such as TiP,
TiAs, TiSb, TiSe, TiSez or TiTe: in the grain boundary and the matrix, this compound acts as the initiation
point of a fracture, with the resuit that not only the room-temperature ductility but also the workability is
lowered. If the content of the additive element is lower than 10 atomic ppm, the above-mentioned object
cannot be obtained.

If the Ti-Al intermetallic compound is oxidized at high temperatures in an oxidizing atmosphers, TiOz is
generally formed in the outermost layer. Since TiO2 has an oxygen-depleted structure in which some of the
lattice positions to be inherently occupied by O atoms are vacant in the crystal lattice, external oxygen
atoms are diffused in the interior of the material through such oxygen-vacant positions and the oxidation is
thus advanced inward. In TiO2 , Ti has a tetravalent positive charge and O has a divalent negative charge.
Accordingly, if the element of the group V (P, As or Sb) having a pentuvalent positive charge and/or the
element of the group VI (Se or Te) having a hexavalent positive charge is present in TiOz2 , the
concentration of the oxygen vacancy is reduced to maintain the charge balance in the interior, the paths of
diffusion of external oxygen atoms through TiO2 are reduced, and the oxidation is suppressed. The effect of
suppressing the oxidation by the element of the group V and/or the element of the group VI is enhanced
with an increase of the content of the additive element. If the content of the additive element is lower than
10 atomic ppm, the oxidation-suppressing effect is not satisfactory. If the content of the additive element
exceeds 3000 atomic ppm, the content exceeds the dissolution limit in TiO2 and the additive element is
concentrated at the interface between the TiO. oxidation scale and the TiAl matrix to form a compound
such as TiP, TiAs, TiSb, TiSe, TiSe; or TiTe: at the interface, with the result that a breakaway of the
oxidation layer occurs there and the oxidation rate is greatly increased. For the above-mentioned reasons,
in the present invention, the content of the element of the group V (P, As or Sb) and/or the element of the
group VI (Se or Te) in the Ti-Al intermetallic compound is adjusted to 10 to 3000 atomic ppm.

If the content of the additive element is up to 1000 atomic ppm, the effect whereby oxidation is
sffectively suppressed at temperatures of up to 800° C can be obtained.

Bi has an effect of improving the oxidation resistance, but Bi increases the specific gravity and reduces
the specific strength, and therefore, the material is disadvantageous as a high-temperature light-weight
construction material. Accordingly, Bi is excluded from the element of the group V. The reason why Sis
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excluded from the element of the group VI is that the bonding between Ti and S is too strong and causes
premature breakaway of the TiO2 oxidation scale. Po is excluded for the same reason as described above
with respect fo Bi.

If 0.01 to 3 atomic % of Mn and 0.01 to 1 atomic % of Si are incorporated in the Ti-Al intermetallic
compound in combination with the element of the group V (P, As or Sb) and/or the element of the group Vi
(Se or Te), the room-temperature ductility and the high-temperature oxidation resistance can be further
improved.

According to the process for the preparation of the Ti-Al intermetallic compound of the present
invention, a mixture formed by adding 10 to 3000 atomic ppm of at least one element selected from the
group consisting of P, As, Sb, Se and Te, optionally together with Mn and Si, to 40 to 52 aiomic % of Ti
and 48 to 60 atomic % of Al is once placed under vacuum (under a pressure lower than 10~% Torr), and
then the atmosphere is replaced by Ar gas and the mixture is made moiten at a temperature higher than
the melting point and ranging from 1400 to 1500° C, to minimize a reaction with a crucible, and then the
melt is solidified. A room-temperature ductility can be obtained in the as-solidified state, but if the
solidification product is annealed in the above-mentioned inert gas atmosphere, {o obtain a uniform
microstructurs, the ductility is further improved.

The so-obtained Ti-Al intermetailic compound . having the element of the group V (P, As or Sb) and/or
the element of the group VI (Se or Te) incorporated therein has a compressibility of at least 25% at room
temperature and a compressibility of about 60% at 600° C, and the ductility is improved at temperatures
ranging from room temperature to about 800° C. Since the tertiary element-free Ti-Al intermetallic com-
pound has a compressibility of 0.4% at room-temperature and a compressibility of 1.1% at 700° C (see
Japanese Unexamined Patent Publication No. 58-123847), it is obvious that the performance is greatly
improved according to the present invention. Moreover, the high-temperature oxidation resistance is greatly
improved compared with that of the tertiary element-free Ti-Al intermetallic compound and the Mn-added
Ti-Al intermetallic compound.

The reasons why the room-temperature compressibility and the high-temperature oxidation resistance
are improved by incorporation of at least one element selected from the group consisting of P, As, Sb, Se
and Te in the Ti-Al intermetallic compound will now be described.

It is considered that the improvement of the room-temperature compressibility is caused by a reduction
of the stacking fault energy of the Ti-Al intermetallic compound by the addition of the tertiary element such
as the element of the group V (P, As or Sb) or the element of the group VI (Se or Te). This reduction of the
stacking fault energy facilitates twinning, especially crossing of twins, resulting in inproved ductility. By
electron microscope observation or in-situ high voltage electron microscope observation, it has been
confirmed that, in the tertiary element-free Ti-Al intermetallic compound, twinning does not occur, but in the
tertiary element-incorporated Ti-Al intermetallic compound, twinning easily occurs and the piastic deforma-
tion is advanced. By eleciron microscope observations, it was confirmed that this crossing of twins does not
produce dislocation pile ups at the twin boundary during plastic deformation, and instead mobile disloca-
tions are formed by a dislocation reaction to increass the ductility.

The high-temperature oxidation resistance is improved by preventing a permeation of oxygen by
forming an oxide film on the surface of a material. In the case of the Ti-Al intermetallic compound, it is
considered that oxidation is advanced by a diffusion of oxygen through oxygen ion-vacancies in TiOg.
formed on the surface of the sample, and accordingly, in order to improve the high-temperature oxidation
resistance, the concentration of the oxygen ion-vacancies must be reduced and the rate of the inward
diffusion of oxygen must be suppressed.

The reason why the high-temperature oxidation resistance is improved in the alloy of the present
invention is considered to be because the element of the group V (P, As or Sb) or the element of the group
VI (Se or Te) has a valence eleciron number of 5 or 6 respectively, larger than the valence electron number
of Ti, i.e., 4, and therefore the tertiary element reduces the concentration of oxygen ion-vacancies in the
TiO,. layer formed on the surface and suppresses the inward diffusion of oxygen, whereby the growth rate
of the oxide layer TiQ,., formed on the Ti-Al intermetallic compound in a high-temperature oxidizing
atmosphere is reduced.

The present invention will now be described in detail with reference to the following exampies, that by
no means limit the scope of the invention.

Example 1

A mixture comprising 50 atomic % of pure sponge titanium and 50 atomic % of Al, in which 94 atomic
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ppm (100 weight ppm) of Se or 58 atomic ppm (100 weight ppm) of Te was incorporated, was once placed
under vacuum (pressure lower than 10~¢ Torr) in a vacuum melting furnace, the atmosphere was replaced
by Ar gas, and the mixture was heated at 1500 C, made molten, and then solidified. The solidified product
was then annealed at 1000° C, and a heating time of 72 hours. The results are shown in Tables 1 and 2.

As apparent from the results shown in Tables 1 and 2, the samples of the present invention had a
greatly improved vyield stress under compression deformation and the room-temperature compressibility
was greatly improved compared with that of the tertiary element-free Ti-Al intermetallic compound.
Furthermore, the yield stress and room-temperature compressibility of the samples of the present invention
were comparable to those of the Ti-Al intermetallic compound having 2% by weight of Mn added thereto.
With respect to the oxidation resistance, the amount increased by oxidation in the Mn-added Ti-Al
intermetallic compound was much larger than in the tertiary element-free Ti-Al intermetallic compound, but
in the Se- or Te-added Ti-Al intermetallic compound, the amount increased by oxidation was much smaller,
and it was confirmed that the oxidation resistance was remarkably improved.

Table 1
Sample Composition Experiment | Yield Stress | Compressibility
Temperature (kg/mm?) (%)
Present Te-added | Ti 63.9 wit% room 41.5 28.0
invention TiAl (50 at%) temperature
Al 36.0 wi%
(50 at%)
Te 100 wt ppm
(58 at ppm)
Se-added | Ti 83.9 wt% | room 36.5 28.0
TiAl (50 at%) | temperature
Al 36.0 wi%
) (50 at%)
Se 100 wt ppm
(94 at ppm)
Comparison | TiAl Ti 48 at% | room 32.6 0.4
Al 52 at% temperature
Table 2
Sample Composition Experiment | Yield Stress | Compressibility
Ternperature (kg/mm?) (%)
Present Te-added | Ti 63.9 wi% 600° C 455 40.0
invention TiAl (50 at%)
Al 36.0 wt%
(50 at%) 800 C 415 55.0
Te 100 wt ppm
(58 at ppm)
Se-added | Ti 63.9 wi% 600°C 41.0 42.5
TiAl (50 at%)
Al 36.0 wi%
(50 at%) 800 C 35.0 57.5
Se 100 wt ppm
(94 at ppm)
Comparison | TiAl Ti 48 at% 700°C 315 1.1
Al 52 at%
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Example g

A mixture comprising 50 atomic % (63.9% by weight) of sponge Ti having a purity of 98.8% by weight
and 50 atomic % (36.0% by weight) of Al having a purity of 99.99% by weight, in which 500 weight ppm of
P was incorporated, was once placed under vacuum (pressure lower than 10~% Torr) in a vacuum melting
furnace, the atmosphere was replaced by Ar gas, and the mixiure was heated at 1500° C, made molten,
and then solidified. A part of the solidified product was then annealed at 1000° C for 72 hours.

A test piece having a diameter of 5 mm and a height of 5 mm was cut from the obtained sample, and
the room-temperature compressibility test was carried out. The results are shown in the siress-strain curve
of Fig. 2. From Fig. 2, it is seen that, in the P-added Ti-Al sample, the room-temperature ductility was
greatly improved compared to the P-free Ti-Al sample.

The data of the vield stress and ductility of the P-free and P-added Ti-Al samples at the room-
temperature compression and the data of the yield stress and ductility of the P-added and P-free Ti-Al
samples upon comprassion at 800° C are shown in Tables 3 and 4, respectively.

Table 3
Sample " Composition Annealing Yield Stress | Compressibility
(kg/mm?) (%)
Present P-added | Ti 63.9 wi% 1000° C 46.9 31.4
invention TiAl (50 at%)
Al 36.0 wi%
(50 at%) 72 hours
P 500 wt ppm _
(1200 at ppm) | not effected (as-cast) 51.0 20.0
Comparison | TIAl Ti 48 atomic % 1000°C 32.6 04
Al 52 atomic % 72 hours
Table 4
Sample Composition Annealing | Experiment | Yield Stress| Compressibility
Temperature |  (kg/mm?) (%)
Present P-added | Ti 63.9wi% | 1000° 600°C 52.4 40.0
invention TiAl (50 at%) x72hr
Al 36.0 wi%
(50 at%) 800°C 40.9 >65
P 500 wt ppm
(1200 at ppm)
Comparison | TiAl Ti 48at% | 1000° 700° C 315 1.1
Al 52 at % x 72 hr
Example §

Materials comprising Ti and Al in amounts shown in Table 5, in which the. element of the group V, the
element of the group VI, Si and Mn were incorporated as shown in Table 5, were treated in the same
manner as described in Example 1. The resuits are shown in Table 5.

From the results shown in Table 5, it is seen that a Ti-Al intermetallic compound having an improved
room-temperature ductility and retaining a good high-temperature oxidation resistance can be obtained
according to the process of the present invention.
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Claims

1. A Ti-Al intermetallic compound which comprises 40 to 52 atomic % of Ti and 48 to 60 atomic % of
Al and contains 10 to 3000 atomic ppm of at least one of the elements P, As and Sb (elements of the group
V) and Se and Te (elements of the group VI).

2. A Ti-Al intermetallic compound as set forth in claim 1, which comprises 40 to 50 atomic % of Ti and
50 to 60 atomic % of Al and contains 100 to 1000 atomic ppm of P.

3. A Ti-Al intermetallic compounds as set forth in claim 1, which comprises 45 to 50 atomic % of Ti and
50 to 55 atomic % of Al and contains 100 to 1000 atomic ppm of P.

4. A Ti-Al intermetallic compound as set forth in claim 1, which further contains 0.01 to 3 atomic % of
Mn and 0.01 to 1 atomic % of Si.
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5. A Ti-Al intermetallic compound as set forth in claim 1, wherein the content of at least one of the
elements P, As and Sb (elements of the group V) and Se and Te (elements of the group Vi) is 10 to 1000
atomic ppm.

6. A process for the preparation of a Ti-Al intermetallic compound, which comprises adding 10 to 3000
atomic ppm of at least one of the elements P, As and Sb (elements of the group V) and Se and Te
(elements of the group V1) to a mixture comprising 40 to 52 atomic % of Ti and 48 to 60 atomic % of Al
and melting and solidifying the mixiure.

7. A process according to claim 6, whersin after melting and solidifying, the solidified product is
annealed at a temperature of 900 to 1000° C.

8. A process according to claim 6 or 7, wherein at least one of the slements P, As and Sb (elements of
the group V) and Se and Te (elfaments of the group V1) is added in an amount of 10 to 1000 atomic ppm.
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