ELSEVIER

Materials Science and Engineering A192/193(1995)774-779

MATERIALS
SCIENCE &
ENGINREERING

A

Silicide precipitation strengthened TiAl

T. Noda?, M. Okabe?, S. Isobe?, M. Sayashi®

«Special Steel Research Laboratory, Daido Steel Co. Ltd., 2-30 Daido-cho, Minami-ku, Nagoya 457, Japan
b Materials Research Laboratory, Nissan Research Center, Nissan Motor Co. Ltd., 1 Natushima-cho, Yokosuka 237,
Japan

Abstract

Precipitation of a titanium silicide TisSi; was found to be beneficial to improvement of the crecp resistance of a fully lamellar
Ti-48Al1-1.5Cr cast alloy without the sacrifice of tensile properties. The addition of 0.26-0.65 mol% Si generates fine precipitates less
than 200 nm in size during aging at 900 °C for 5 h. The precipitates are effective obstacles to dislocation motion and raise the stress
exponents of power law creep significantly. The specific creep strength of Si-containing alloys is better than that of a conventional Ni-

base cast superalloy Inconel 713C at 800 °C for 10000 h.
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1. Introduction

Among various intermetallic compounds, TiAl has
great potential as a high temperature structural
material for the aerospace and automobile industries
[1-3]. It possesses specific tensile and fatigue strengths
at room temperature (RT) and elevated temperatures
superior to those of conventional cast Ni-base super-
alloys such as Inconel 713C currently used for
turbocharger turbine wheels [3]. Before replacing
superalloys with TiAl, three major problems must be
solved: the low ductility under 700 °C, and the poor
oxidation resistance and insufficient creep strength
both above 800 °C.

In the Ti-Al binary system, the highest RT ductility
has been obtained for a non-stoichiometric composi-
tion of 48 mol% [4,5]. This microstructure is duplex
consisting of TiAl{y)Ti;Al{a,) lamellae dotted with y
grains [6]. The addition of Mn and Cr to y-TiAl alloys
has been found effective in improving the RT ductility
[7,8]. The oxidation resistance of the alloys has been
enhanced by alloying with Nb, Ta and Si[9,10].

Unfortunately, the ductile duplex alloy has low creep
strength compared with fully lamellar alloys with large
colonies [11]. Many attempts to improve the creep
resistance of ¥-TiAl alloys using conventional
methods, solid solution, precipitation and composite

strengthening [12,13], have been only partially suc-
cessful.

Recently, researchers have demonstrated that the
addition of Si improves the creep resistance signifi-
cantly and titanium silicide precipitates were observed
in creep test specimens [14,15].

Titanium silicide is a candidate strengthening dis-
persoid because of its higher stability. In this study, the
effect of silicide precipitation on the RT tensile prop-
erties and the creep strength of TiAl was evaluated.

2. Experimental details
The chemical compositions of the investigated alloys

are shown in Table 1. The Si-free alloy is a reference
fully lamellar alloy containing Cr, which was designed

Table 1
Chemical compositions {in mole per cent) of the alloys

Alloy Al Cr Si C 0 N

Sifree 476 1.6 <002 005 018 0011
0.26 Si 417 17 026 003 014 0008
0.65 Si 473 1.5 065 003 017 0008

Balance Ti.
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as a cast alloy by the authors. Originally no heat treat-
ment was applied to the castings before service.

The three alloys were melted down in a special
argon plasma skull furnace and then cast into 5 kg
ingots 100 mm in diameter. From the ingots, 14 mm
diameter round bars were cut out by electrodischarge
machining. The aging for bars as cast was performed at
900 °Cfor 5 h, selected by preliminary testing.

The gages of tension and tensile creep test speci-
mens were 8 mm diameter and 40 mm length and
6.35 mm diameter and 31.75 mm length respectively.
All test were carried out in air at RT and elevated
temperatures.
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3. Results and discussion
3.1. Microstructures

Optical and scanning electron micrographs are
shown in Fig. 1 of the three alloys as aged. The matrix
was fully lamellar; Ti;Al(a,) is brighter than TiAl(y) in
scanning electron backscattering images.

In the Si-containing alloys, precipitate skeletons
were observed at the interdendritic region. They were
greater in higher Si content alloys. The precipitates
were identified as Ti;Si;-type titanium silicides chemi-
cally by energy-dispersive X-ray (EDX) analysis in situ

Optical

SEM 2ndary Electron

SEM Back Scattering

Si Free

Fig. 1. Microstructures of samples as aged at 900 °C for 5 h; etchant 2 ml HF+4 ml HNO, + 100 ml H,O.
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Fig. 2. TEM image of 0.65 Si alloy as aged at 900 °C for 5 h.
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on the polished plane and also crystallographically by
X-ray diffraction of particles extracted electrochemi-
cally. Because the precipitates were inherited from the
cast structures, it was deduced that they precipitated
during solidification through the following eutectic
reaction

L — B+TiSi,

at the higher Si interdendritic regions supercooled
constitutionally.

A transmission electron microscopy (TEM) image of
the 0.65 Si alloy is shown in Fig. 2. Along the lamellar
interfaces, very fine particles precipitated, which were
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Fig. 3. Results of AEM analysis of 0.65 Si alloy.
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not present in as-cast alloy. The results of AEM analy-
sis are shown in Fig. 3. The bright field image depicts a
precipitate B extended from the interface of two layers
(A, C) into the core of the layer C. The precipitate was
identified as TisSi; again containing Al and Cr. The
layers A and C were identified as y and «a, respectively.
The latter was richer in Si than the former. The results
imply that TisSi; nucleated at the interface of y and a,
and grew in a,. The aligned precipitates in y, Fig. 2,
suggest that they developed through the following
eutectoid reaction:

a, — y+TisSi;

A TEM image is shown in Fig. 4 of the 0.65 Si alloy
after creep testing under 200 MPa at 800 °C for
1213 h. The dislocations in y were pinned by the
precipitates at lamellar boundaries and also bowed
around them in y. The image also shows that the Ti;Si,
precipitates acted as obstacles to dislocation motion
equivalent to y' in Ni-base or Y,0O; in mechanically
alloyed oxide dispersion strengthened superalloys.

Another TEM image of the same alloy, Fig. 5, shows
the precipitates in y after creep. This demonstrates
the ripening of precipitates during the creep test. It

Fig. 4. TEM image of 0.65 Si alloy after creep under 200 MPa at
800 °Cfor 1213 h, showing pinning and bowing of dislocations.

Fig. 5. TEM image of 0.65 Si alloy after creep under 200 MPa at
800 °Cfor 1213 h showing precipitates in the y phase.
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also suggests that the a, layer was thinned by con-
sumption via the above mentioned eutectoid reaction:

3.2. Tensile properties

The proof stress and the elongation are shown in
Fig. 6. From RT to 800 °C the precipitation did not
increase the proof stress, which varied only with
variation in the lamellar spacing [16).

The addition of 0.65 Si decreased the elongation
slightly, while the addition of 0.26 Si did not degrade
the ductility at all.

3.3. Creep properties

The typical creep curves for testing conditions of
200 MPa and 800 °C are shown in Fig. 7 obtained
from the constant tension load test. They show three
distinct stages: primary, steady state or minimum, and
accelerating creep. The addition of Si decreased the
primary creep strain and minimum creep rate and also
increased the rupture life and the elongation to failure.
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Fig. 6. Tensile properties of as aged alloys.
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Fig. 7. Creep curves of alloys under 200 MPa at 800 °C in air.
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The minimum creep rate of the 0.65 Si alloy was about
one tenth of that of the Si-free alloy.

Assuming the creep of alloys to obey the power law,
the minimum creep rates were analyzed according to
the following conventional constitutional equation:

é=Ao" exp(— Q/RT)

where A is a constant, # is the stress exponent and Q is
the apparent activation energy.

The stress dependence of the minimum creep rate is
shown in Fig. 8 for 800 °C tests. The stress exponent
was 6.4 for the Si-free alloy, which is large but still
within the range 4.5-7.8 previously reported for single-
phase and two-phase alloys [17-20]. The exponents for
Si-containing alloys were larger, 8.0 for 0.26 Si and
10.3 for 0.65 Si, as for y' precipitation strengthened
Ni-base or oxide dispersion strengthened superalloys
[21,22]. This proves that the precipitates of titanium
silicide are effective in retarding creep deformation,
especially under low stress.

The temperature dependence is shown in Fig. 9 for
300 MPa tests. The activation energy was 338 kJ
mol~! for the Si-free alloy, which is fairly close to the
value previously reported for self diffusion in Ti-53Al
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Fig. 8. Stress dependence of the minimum creep rate of alloys at
800 °C.

105
N 300MPa
~— 10~6 L.
3
] L
} [

Si free
g 107 (Q:338kJ/mol)
5 ;
E 10% Foaesi
] F (Q:388kJ/mol)
E oL
= E 0655
(Q:389kJ/mol)
10710 —— —— S
8.0x10%  9.0x10%  1.0x10°  1Ix10%

VT (VK)

Fig. 9. Temperature dependence of the minimum creep rate of
alloys under 300 MPa.

[23]. The activation energies for Si-containing alloys
were higher, 388-389 kJ mol™!, but still within the
range 300-560 kJ mol~! previously reported for
single-phase and two-phase alloys [17-20]. Generally,
higher values have been obtained for dispersion
strengthened alloys than for dispersoid-free alloys.
Therefore the higher energies for Si-containing alloys
indicate that the precipitates of titanium silicide
enhance the creep resistance, especially at lower tem-
peratures.

The specific creep strength of the alloys was com-
pared with that of a conventional Ni-base cast super-
alloy Inconel 713C at 800 °C, Fig. 10. The strength of
TiAl alloys dropped with time more rapidly than that
of Inconel 713C and the strength of the Si-free alloy
dropped below that of Inconel 713C. However, the Si-
containing alloys showed better performance than
Inconel 713C up to 10 000 h. The higher specific
creep strength is encouraging for the replacement of
conventional Ni-base superalloys by silicide precipita-
tion strengthened TiAl

4. Conclusions

The microstructures and mechanical properties
were surveyed of fully lamellar Ti~48AI-1.5Cr cast
alloys containing up to 0.65 mol% Si. The results are as
follows.

(1) In Si-containing alloys, a titanium silicide Ti,Si,
nucleates at y-a, boundaries and grows in a, as
fine precipitates less than 200 nm in size during
aging at 900 °C for 5 h.

(2) The precipitation of TisSi; does not degrade the
tensile properties substantially from RT to 800 °C.
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Fig. 10. Relation between the specific creep strength and creep
rupture life of the Si-containing alloys and Inconel 713C.
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(3) The precipitates retard the slow dislocation motion
at elevated temperatures and enhance the creep
resistance up to 850°C with gains in stress
exponent and activation energy from dispersion
strengthening.

(4) The specific creep strength of Si-containing alloys
is superior to that of conventional Ni-base cast
superalloy Inconel 713C at 800 °C for 10 000 h.

References

[1] Y.-W.Kim, J. Organomet., 41 (1989) 24.

[2] Y. Nishiyama, T. Miyasita, T. Nakamura, H. Hino, S. Isobe
and T. Noda, Proc. 1987 Tokyo Int. Gas Turbine Congress,
Tokyo, 1987, Vol. ITI, Organizing Committee, Tokyo, 1987,
p. 263.

(3] WE. Dowling, Jr, JE. Allison, LR. Swank and M.A.
Sherman, SAE Tech. Paper, 1993, p. 31.

[4] S-C. Haung and E.L. Hall, Proc. MRS Symp. on High
Temperature Ordered Intermetallic Alloys III, Vol. 133,
MRS, Pittsburgh, PA, 1989, p. 373.

[5] Y. Nishiyama, T. Miyasita, S. Isobe and T. Noda, Proc. 1989
Symp. on High Temperature Aluminides and Intermetallics,
Indianapolis, IN, 1-5 October 1989, TMS, Warrendale, PA,
1990, p. 557.

[6] T.Kawabata, T. Tamura and O. Izumi, Proc. MRS Symp. on
High Temperature Ordered Intermetallic Alloys III, Vol.
133, MRS, Pittsburgh, PA, 1989, p. 329.

[7] T. Tsujimoto and K. Hashimoto, Proc. MRS Symp. on High
Temperature Ordered Intermetallic Alloys III, Vol. 133,
MRS, Pittsburgh, PA, 1989, p. 391.

(8] Y.-W.Kim, J. Organomer., 43(1991) 40.

| Materials Science and Engineering A192/193 (1995) 774-779 779

[9] T.A. Wallace, RK. Clark, S.N. Sankaran and K.E. Wiede-
mann, in RH, Jones and R.E. Ricker (eds.), Environmental
Effects on Advanced Materials, TMS, Warrendale, PA,
1991, p. 79.

[10] K. Maki, M. Shioda, M. Sayashi, T. Shimizu and S. Isobe,
Mater. Sci. Eng., A153(1992) 591.

(11] S.C. Huang and D.S. Shih, in Y.-W. Kim and R.R. Royer
(eds.), Microstructure/Property Relationships in Titanium
Aluminides and Alloys, TMS, Warrendale, PA, 1990,
p. 557.

[12] K. Sadananda, H. Jonel, C.E. Feng and A XK. Vasudevan,
Proc. MRS Symp. on High Temperature Intermetallic Alloys
IV, Vol. 231, MRS, Pittsburgh, PA, 1991, p. 1019.

[13] CH. Weber, J.Y. Yang, J.P.A. Lofvander, C.G. Levi and
A.G. Evans, Acta Metall. Mater., 41 (1993) 2681.

[14] T. Noda, T. Iikubo and S. Isobe, Fall Meet. Proc. Jpn. Inst.
Met., Toyama, JIM, Sendai, 1001, p. 282.

[15] S. Tsuyama, S. Mitao and K. Minakawa, Mater. Sci. Eng.,
Al53(1992)451.

[16] Y. Umakoshi, T. Nakano and T. Yamane, Mater. Sci. Eng.,
A153(1992)81.

[17] PL. Martin, M.G. Mendirtta and H.A. Lipsitt, Merall.
Trans. A, 14(1983)2170.

[18] P.L. Martin and H.A. Lipsitt, Proc. 4th Int. Conf. on Creep
and Fracture of Engineering Materials and Structures,
Swansea, 1-6 April 1990, Institute of Metals, London,
1990, p. 244.

[19] R.W. Hayes and B. London, Acta Metall. Mater., 40 (1992)
2167. '

[20] M.F. Bartholomeusz, Q. Yang and J.A. Wert, Scr. Merall.
Mater., 29(1993) 389.

[21] M. Pahutova, V. Sustek and J. Cadek, Proc. 4th Int. Conf. on
Creep and Fracture of Engineering Materials and Structures,
Swansea, 1-6 April 1990, Institute of Metals, London,
1990, p. 189.

[22] R.W. Lund and W.D. Nix, Acta Metall., 24(1976) 469.

[23] S.Krolletal., Z. Metallkd., 83(1992) 591.



