
AT0100416
610 RM71 S. Terauchi et ai.

15" International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutle (2001), Vol. 1

Development of Production Technology by Metallic Powder Injection

Molding for TiAI-type Intermetallic Compound with High Efficiency

S.TERAUCHI*, T.TERAOKA*,T.SHINKUMA*, T.SUGIMOTO**,Y.AHIDA***

*OSAKAYAKIN HEAT-TREATING Co., Ltd. JAPAN

** KANSAI UNIV. .Faculty of Engineering,JAPAN

***KOBELCO Research Institute, Inc. JAPAN

Summary
Since a TiAI-type intermetallic compound has an excellent high temperature
strength and corrosion resistance, in addition to light weight, it is expected to
be applicable to the engine parts. However, it is difficult for TiAl to produce a
part with a complex shape, and considerable cost will be required. In this
study, it was tried to develop a technology for producing TiAI products with
high density and high efficiency by using metal powder injection molding
(MIM) process. Several kinds of TiAI alloy powders made by the
self-propagating high temperature synthesis process were mixed with an
organic binder, kneaded and then injection-molded into tensile specimens.
These compacts were subjected to the treatment for removing the binder and
sintering, resulted in a relative density as high as 97%. By room and high
temperature tensile tests, it was found that, Ti-47.4AI-2.6Cr (at%) has the
strength and ductility as those of the conventional processed materials.

Keywords
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1.Introduction
Binary Ti-AI intermetallic compounds have a lower density and higher melting
temperature and, consequently, have higher strength properties up to high
temperature range as compared with conventional metallic materials.
Therefore, they are expected as structural materials for the next genration1).
y -TiAI, in particular, has a density of about 3.8 g/cm3, only half as low density
as Ni-type heat resisting alloys, and an excellent high temperature strength
along with tolerable room temperature ductility. Therefore, it has been



S. Terauchi et al. RM 71 611

15;h International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 1

attracting a renewed attention as a new heat resisting material of light weight
and with high specific strength2'3'. Addition of a tertiary element to these
binary Ti-AI compounds is considered to be effective for improving their
mechanical properties and some studies about ternary compounds were
made, in which additional elements such as V, Cr, Mn, Nb, Mo, etc. were
used4>5). On the other hand, since these intermetailic compounds are
generally brittle and poor in workability, they are difficult to deal with as
structural materials. When conventional lost wax process was applied to
these compounds, problems such as poor yield and poor dimensional
accuracy were caused. So that, a working process of low cost and high
productivity has been expected to be developed.
In this study, it was tried to apply metal injection molding (MIM) process to
binary TiAl intermetailic conpounds. MIM process is possible to accurately
produce parts having three-dimensionally complex shape and, furthermore, is
possible to produce high density and high strength sintered compacts of near
net shape in commercial quantity. In order to establish a manufacturing
process for mass-production, basic tests were carried out using specimens
made by MIM process to systematically investigate their basic material
properties, the effect of chemical compositions on these properties, and their
quality. Besides, using an alloy containing Cr, similar tests were carried out
and fuel injection nozzles for automobiles were produced on an experimental
basis. Because Cr is an effective additional element that is possible to ensure
high rigidity and creep strength of y -phase and, at the same time, to improve
the ductility at room and high temperature4'.

2.Source Powder and Experimental Method
The source powder used was a powder that was made by pulverizing and
classifying a TiAl ingot solidified through Self-propagating High-temperature
Synthesis (SHS) process in Kyouritsu-Material Inc.. Table 1 gives the
properties of the powder. Fig.1 and fig.2 show a SEM photograph and the
particle size distribution of typical powder, respectively.
The source powder was mixed with Wietec-type binder of 10.5-11.5 mass %,
kneaded in a pressurized kneader at a temperature of 160°c for 2.5 hours
and injection-molded. Specimens with a shape shown in Fig.3 for tensile tests
at room and high temperature were manufactured using an injection molding
machine.
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Table 1 Characteristics of Ti-AI powders used in this study

Composition
(at%)

50Ti-50AI
25T1-75AI
55Ti-45AI

50Th47.4AI-2.6Cr

Particle
size

(Um)

13.6
12.2
12.2
11.9

Density

(Mg/m3)

3.82
3.33
3.91
3.95

Surface
area

(m2/g)

1.94
1.60
1.66
1.79

Binder
(vol.%)

32.9
32.6
35.6
35.8

(a) 50Ti-50A! (b) 50Ti-47.4AI~2.6Cr
Fig.1 SEM images of the mechanical crashed powders prepared by SHS
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Particle diameter ( / im)

Fig.2 Particle size distribution of 50Ti-47.4AI-2.6Cr powder
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(a) For room temperature tests
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(b) For elevated temperature and creep rupture tests
Fig.3 Dimensions of injection molded compacts for tensile test

For removing the binder in the compacts, two processes, solvent extraction and
reduced pressure, were used. Wax component, mainly, was first extracted by
holding the compacts in an organic solvent in the temperature range from room
temperature to 60°C for 5 hours, and then the residual binder components were
removed in a nitrogen atmosphere of a reduced pressure binder removal
equipment. The binder removal conditions were determined in the way as follows :
Binder removal ratios under various atmospheres, temperatures and pressures
were investigated, and the residual carbon and residual oxygen in the
binder-removed compacts were analyzed with an infrared heat sink type analyzer.
Sintering was carried out in a vacuum sintering furnace. In order to determine
optimum sintering conditions, the behavior of carbon and oxygen during sintering
under two degrees of vacuum, 6.7 and 6.7x10"3 Pa, were investigated by
chemically analyzing the specimens that were furnace-cooled from a given
temperature. The effect of sintering temperature for each type of compound upon
its sintered properties was also investigated. Among the sintered compacts
obtained, 50TI-50AI and 50Ti-47.4AI-2.6Cr, which are of base compositions, were
subjected to microstructure observation, X-ray analysis, EPMA, and chemical
analysis to evaluate their soundness and, in addition, to room temperature tensile
test, high temperature tensile test (in air, 600°C, 800°C), and creep rupture test (in
air, 700°C) to discuss their mechanical properties. 50TW7.4AI-2.6Cr was used to
produce a model product on an experimental basis and it was examined if a
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desired strength can be obtained and mass-production is possible.
3. Results and Discussion
3.1 Determination of binder removal conditions and sintering conditions
Binder removal treatment by heating in the air causes oxidation of active
metallic powder like TiAl powder. Therefore, the reduced pressure nitrogen
atmosphere binder removal process was adopted in this study. The
injection-molded compacts through MIM process include much amount of binder
which has been mixed to give fluidity. Incomplete binder removal can cause the
increase in the amount of carbon after sintering. Since the amount of carbon
and oxygen after binder removal give a considerable effect upon the material
properties of the sintered compact, it is essential to remove the binder
completely and furthermore to establish optimum binder removal conditions to
control the amount of carbon and oxygen.
Fig.4 shows the effect of binder removal temperature upon binder removal ratio
for a base alloy, Ti50-AI50, under various atmospheric pressures and Fig.5
shows the effect of atmospheric pressure upon binder removal ratio.
Under every atmospheric pressures in this experiment, binder removal ratio
increases with the increase in binder removal temperature and, in particular
when the atmospheric pressure is 13-45 Pa, high binder removal ratios are
obtained at the temperatures around 380°C (Fig.4). It is found in Fig.5 that when
the binder removal temperature is 380X, a binder removal ratio as high as 97%
or higher can be obtained under the atmospheric pressure of 10-26 Pa.
Fig.6 shows the effect of binder removal ratio upon the amount of residual
carbon and oxygen. Since the carbon component resulting from the binder
included in the compacts decreases with the progress of binder removal, also
the carbon content of compacts subjected to binder removal treatment is
decreased. The carbon and oxygen content of compacts, the binder of which
has been removed up to a binder removal ratio as high as 97% and higher,
are almost the same as those of the source powder. In other words, the
binder removal conditions at this time are proper.

Fig.7 shows the transition of the amount of carbon and oxygen during
sintering as well as the sintering pattern. In the case of high vacuum sintering
under a pressure of 6.7x10"3 Pa, the carbon and oxygen content are reduced
when the temperature is 970°C and higher, which means that it is possible to
control the final carbon and oxygen content by utilizing CO reaction at a
temperature of 970°C and higher. But since decarburization during sintering is
an oxidizing reaction by oxygen, the oxygen existing in extremely small
quantities in the atmosphere is considered to give a considerable effect upon
the carbon and oxygen content. On the other hand, in the case of low vacuum
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sintering under 6.7 Pa, the oxygen partial pressure in the atmosphere is high
and, therefore, decarburization progresses even at a comparatively low
temperature and decarburization reaction becomes active when the
temperature is around 970°c and higher in common with the case of high
vacuum sintering. On the contrary, oxygen increases rapidly from around
870°C, which is considered to be due to oxidation of the metallic elements in
the Ti-AI alloy because the oxygen partial pressure in the atmosphere is high.
When the temperature is raised further, the decrease in oxygen content is
observed. This is considered to be due to reduction of generated oxides by
CO reaction because CO reaction is active in this temperature range.
Fig.8 shows the relationship between sintering temperature and grain size for
each type of Ti-AI alloys.
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Fig.8 Effect of sintering temperature on the grain size
of various TiAl compacts

The precise melting point of each alloy is unknown. Raising the temperature
during sintering in the TiAl (y-phase) region can cause the generation of
lamella structure, resulting in the deterioration of room temperature ductility.
Therefore, a temperature was determined as the sintering temperature,
where a high sintered density can be obtained and, at the same time, the
grain size of sintered compacts is similar to the mean grain size of the source
powder.
The binder removal conditions and sintering conditions determined from the
above experiments for each type of Ti-AI alloys, along with the properties of
sintered compacts, are presented in Table 2. The relative density is calculated
on the basis of the values in Table 1. A sintered density as high as 97% or
higher is obtained for any type of TiAl alloys. The degree of sintering at each
temperature is satisfactory.

3.2 Soundness of sintered compacts
Table 3 gives the chemical compositions of the source powder and the
sintered compact for each type of Ti-AI alloys. The chemical compositions of
the sintered compacts are similar to those of the source powder, that is, they
are in the desired chemical composition range. The sintered compacts of
50Ti-50AI and 50Ti-47.4AI-2.6Cr, which are of base compositions, were
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subjected to X-ray diffraction to identify the phases generated by sintering
(Fig.9). A diffraction peak of TiAl (y -phase) and a weak Ti3AI (a 2-phase) are
detected. Namely, the compacts are composed of these two phases. Active
metals are susceptible to oxidation and reduction when sintered. To examine
the soundness of the bright sintered surface of sintered compacts, EPMAwas
carried out in the thickness direction from the surface of a sintered compact of
a base alloy, 50Ti-47.4AI-2.6Cr. It is found from Fig. 10 that the oxide or
carbide layers such as TiO2, TiC, AI2O3, etc. are not generated, namely, the
surface is essentially bright as seen visually. But, some carbon stains and a
peak of a- AI2O3 resulting from the source powder, which has been brought
into the matrix, were observed.

Table 2

Cornposi
- ton
(art)

50Ti-50AI
25TJ-75AI
55Ti-45AI

50Ti-47.4AI
-2.6O

Defcind
-ing

CCxfir)

380X3
410X3
390x3

405X3

Debiting
ratio
ft)

97.5
98.0
98.3

97.8

Sintering
CCxhr)

1375X2
1355x2
1380x2

1365x2

.Bulk
density
(Mg/ri»)

3.72
3.29
3.82

3.86

Relative
densrty

ft)

97.4
98.7
97.7

97.7

Mean
gram
.size.
(Urn)

24.7
28.1
25.3

25.5

Table 3 Chemical compositions of Ti-AI compacts

Composition

50Ti-50AI

25Ti-75A!

55Ti-45AI

50Ti-47.4AI
-2.6O

Powder
Sintered
Powder
Sintered
Powder
Sintered
Powder
Sintered

Chemical composition (masses)
C

0.057
0.060
0,031
0.030
0.160
0.160
0.061
0.063

O

0.97
0.991
0.60
0.673
1.42
1.473
1.03
1.041

Ti

62.9
63.0
37.0
37.0
67.7
67.5
63.2
63.2

Al

36.9
36.9
62.3
61.9
32.0
31.9
33.2
33.2

Cr

3.43
3.43

Ni

0.098
0.095
0.27
0.096
0.16
0.110
0.009
0010



S. Terauchi et al. RM71 619
15" International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 1

3.3 Microstructure and mechanical properties of sintered compacts
Fig.11 shows the sintered structure of TiAI.

(a) 50Ti-50AI (b) 25TI-75AI

Fig. 10 The result of electron probe microanalysis
of 50Ti-47.4AI-2.6Cr compact

(c) 55Ti-45AI (d) 50Ti-47.4AI-2.6Cr
Fig.11 Microstructures of various Ti-AI compacts

The black spots scattering in the structure are blow holes. A fine structure
consisting of two phase structure of y and a2 and some yla2 lamella
structure is obtained in every compacts. In the binary TiAI, a 2 phase
increases with the increase in Ti content. 50Ti-50AI sintered compacts have a
fine duplex structure of a2

+y • 55Ti-45AI sintered compacts have a structure
of y lamella + fine a2. 50Ti-47.4AI-2.6Cr sintered compacts have a fine
duplex structure of a2 +y, which is similar to that of the base binary alloy,
50Ti-50AI, but the ratio of a2-phase is larger.
Table 4 gives the tensile test results at room and high temperature. Fig.12
shows fracture surfaces after tensile test.
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As to the room temperature tensile test results, 50Ti-50AI and 5571-45AI
sintered compacts with a fine structure have high tensile strengths of 250-270
MPa and, on the contrary, low elongation. In the binary type TiAl alloys, a
lamella structure develops remarkably, which is considered to be one of the
reasons to deteriorate elongation.

Table 4 Tensile properties of sintered TiAl compacts

Composition
Cat*)

50Ti-50AI

25Ti-75AI

55Ti-45AI

50Ti-47.4AI
-2.6O

R.T.
600°C
800°C
R.T.

R.T.
RT.

600°C
800°C

Tensile
strength
(MPa)

260.5
287.7
357.8
212.7

272.7
322.1
389.1
454.1

0.2%Proof
stress
(MPa)

265.8
320.4

-
-

366.5
435.3

Elongation
ft)

0.86
1.3

2.83
0.32

0.44
1.88
2.3
4.0

Room Temperature

5PRt

Fig.12 SEM images of the fracture surface after a tensile tested
at R.T. and 800°C

On the other hand, 50Ti-47.4AI-2.6Cr sintered compacts have a higher tensile
strength of 322 MPa and a higher elongation of about 2 % as compared with
the binary type TiAl alloys. The fracture surface of the compact is
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transgranular cleavage fracture surface. This is the evidence of ductility. In
the high temperature tensile test results, both of 50Ti-50AI and
50Ti-47.4AI-2.6Cr sintered compacts with fine duplex structure show a
reverse temperature dependence of high temperature strength. It is shown
also from their high temperature ductile fracture surfaces that they have
satisfactory high temperature ductility equivalent to high elongation after
fracture.
Creep rupture test was carried out for 50Ti-47.4AI-2.6Cr sintered compacts
having excellent high temperature strength and ductility using the same
specimens as the high temperature tensile test specimens shown in Fig.3.
The test was carried out by assuming the load for fracture after 1000 hours at
700°c in the air as 300 MPa. The material had a good creep property and did
not fracture even after 1000 hours. In order to determine the fracture load, an
additional load was applied to a specimen that had been subjected to a creep
test for 960.8 hours under a load of 300 MPa. The specimen fractured when a
load of 315 MPa, higher than initial load by about 5 %, was applied. From the
result, it is clear that the creep fracture strength at 700°c of this alloy is
around 300 MPa and it can be said that it is excellent in heat resistance when
its specific strength is taken into consideration. As seen in the SEM
photograph (Fig.13) of fracture surface, particulate compounds are dispersed
in the dimple-form surface. It was shown by EDX analysis (Fig. 13) that these
particulate compounds are AI2O3 particles.
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Fig. 13

Fig.13 SEM images and EDX profile for the 50Ti-47.4AI-2.6Cr
compact creep ruptured at 700°C for 1000 hours in the air



622 RM 71 S. Terauchi et al.

15" International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 1

From these results, the high creep fracture strength is considered to be due
to the effect of the a-AI2O3 particles with the diameter of 3-7 ^m, which
have been brought in from the source powder. These particles will prevent the
movement of dislocations in the <x2

+ r matrix.

3.4 Manufacturing of model product on an experimental basis
Model products of pin type fuel injection nozzle of an actual machine were
manufactured on an experimental basis using powders of two base alloys,
50Ti-50AI and 50Ti-47.4AI-2.6Cr. The MIM process conditions for these
model products are in accordance with those for specimens mentioned before.
The dimensional accuracy of 10 ± 0.05 mm desired for the model products
are determined from the experience in manufacturing of specimens. Since the
model products were made of two alloys of different coefficients of contraction
using the same mold, the desired dimensional accuracy of 10 ± 0.05 mm is
converted into a percentage of 10 ± 0.5 %. The dimensional accuracy was
determined from statistical analysis of actual measured values. The mean
values of accuracy for both the fuel injection nozzles made of 50Ti-50AI and
50Ti-47.4AI-2.6Cr were within ± 0.4 %, which satisfied the desired value of
± 0.5 %. Fig.14 shows the external appearance of these products. From
these results, it can be said that products of medium lot can be manufactured
industrially.
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Fig. 14

Fig.14 Appearance of fuel injection nozzle for automotive engine
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4. Conclusion
In this study, metal injection molding (MIM) process was applied to binary
Ti-AI intermetallic compounds and a 50Ti-47.6AI-2.6Cr alloy and the basic
material properties of sintered products, the effect of chemical compositions
on these properties, and quality were systematically investigated. The results
obtained are summarized in the following:

(1) By optimizing the binder removal conditions and sintering conditions,
sintered compacts with high relative density of 97 % or higher can be
obtained. Between the source powder and sintered compacts, some
difference in oxygen/carbon content is observed.

(2) The microstructure of binary TiAl alloys consists of typical two phase
structure of r + a2 and some additional lamella structure of yla2.
50Ti-50AI and 50Ti-47.4AI-2.6Cr alloy have a fine duplex structure and
show excellent high temperature ductility.

(3) An alloy including Cr as a tertiary element, 50Ti-47.6AI-2.6Cr, has a room
temperature tensile strength of 317.2-328.6 MPa and a elongation after
fracture of 1.8-2.0 %. Namely it has well-balanced properties. Besides,
both of the desired high temperature strength and creep fracture strength
can be obtained.

(4) As for the fuel injection nozzles for automobiles manufactured as model
products, desired dimensional accuracy after sintering was obtained.

The results mentioned above are the results only for as-injection-molded
materials. It is known that the microstructure of TiAl intermetallic compounds
changes remarkably by heat treatments5'. So, using 50Ti-47.6AI-2.6Cr alloy
having satisfactory high temperature strength as a base alloy, we would like
to continue to further improve the high temperature strength by optimizing
heat treatment conditions and by controlling the microstructure.

Acknowledgement
This study has been carried out with the grant-in-aid by Japan Science and
Technology Corporation as an "Originative Study Result Fostering Project" for
the 9th fiscal year of Heisei.



624 RM71 S. Terauchi et al.
15" International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 1

References:
1) Masaharu Yamaguchi : "Intermetallic Compounds - High Temperature

Material for the 21st Century", MATERIA, 35(1996) 1045-1057
2) Y. Yamada, M. Takeyama and M. Yamaguchi : Gamma Titanium

Aluminides, Eds. By Y. -W. Kim, R. Wagner and M. Yamaguchi, TMS,
(1995), 111.

3) R & D Institute of Metals and Composites for Future
Industries Proceedings of the Symposium for
Super-Environment-Resistant Advanced Materials, 1s t-7 t h (1990-1996)

4) Masao Takeyama and Minoru Kikuchi: "Phase Equilibrium and
Microstructure Formation in r-TiAl - The Effect of Tertiary Element upon
Binary Ti-AI Alloy", MATERIA, 35(1996) 1058-1064

5) R & D Institute of Metals and Composites for Future
Industries :"Research and Development of Super-Environment-Resistant
Advanced Materials", (Heisei 4, 5).


