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Elemental Ti-48AI-2Cr-2Nb powders were mechanically alloyed (MA) for 8 h and 45 h. The MA powders
were then consolidated by reactive hot isostatic pressing (HIP). The microstructure of the HIPed materi-
als consisted of equiaxe@-TiAl and a,-TizAl phases. During the high-temperature annealing of the
HIPed materials, the a,-Tis-Al phase transformed into a lamellar structure consisting of alternating
laths of a,-TizAl and y-TiAl. It is suggested that a high content of interstitial elements together with the
microalloying elements of niobium and/or chromium in MA powders raisest/(a +Y) transus to a higher
temperature.

Keywords hot isostatic pressing, intermetallic compounds, Ti{\l °C and ~1300 to 1350 °C. Back-scattering scanning electron
microscopy (SEM) mode in a Philips XL 30 SEM and an Ed-

. wards energy dispersive x-ray spectrometer (EDS) attached to

1. Introduction the microscope as well as a JEOL JEM-2010 analytical transmis-
sion microscope (JEOL, USA, Peabody, MA) (ATEM) operated at

In y-based TiAl alloys, four different types of equiliorium an acceleration voltage of 200 kV were used for the micro-

microstructures including a dual structure (equiaxesida, structural study of HIPed materials before and after annealing.

grains), a duplex structure (equiaxgedrains + lamellay/a,

grains), and near and fully lamellay € a,) structures have

been generated. The duplex structure is beneficial for ductility 3, Results

but possesses a low fracture toughness as compared with the

near and fully lamellar structures (Ref 1, 2). Of all micro-

he fully | I h he best f Eight hours of milling resulted in a macroscopically homo-
structures, the fully lamellar structure has the best rac'[“re(geneous lamellar Ti-Al composite microstructure in powder

toughness (Ref 3-5). This is because of the reinforcement effect, , ticjes together with a small volume fraction of solid Ti(Al)
produced by the lamellae (Ref 6). The dual structure has a good, | ;tion. During HIP of the powder milled for 8 h, a micro-
deformability and transforms easily into duplex or (near) fully i\ cture consisting ofTiAl matrix anda,-TiAl agglomer-
Iamell_ar structure during sub_sequent heat treatments (Ref 8) ates was formed (Fig. 1). Conversely, the milling for 45 h
The aim of the present study is to synthegibased TiAlalloy o5 1ted in a good homogeneity of the material. Fine powder
via mechanical alloying and reactive hot isostatic pressing icles with amorphous microstructure were obtained. Only a
(HIP) and to characterize the microstructure and annealing be'very limited volume fraction of small, agglomerates was ob-

havior of MAand HIP material. served in the material milled for 45 h and HIPed, as shown in

Fig. 2.
_ _ The annealing of the material milled for 8 h at a temperature
2. Experimental Details of ~1350 to 1400 °C for 1 h results in the transformation of most

prior a, agglomerates into fully lamellar structures. As shown

One hundred grams of elemental powder mixture with the in Fig. 3(a), no significant coarsening of preoyagglomerates
nominal composition of Ti-48Al-2Cr-2Nb (at.%) was me- Was observed but the spheroidization of coarsagglomer-
chanically alloyed under an argon protective atmosphere for gates did occur. Figure 3(b) shows a closer study of a fully trans-
or 45 h in a Fritsch Pulverisette 5-type planetary ball mill. formed a,agglomerate that consists of four lamellar grains
Stearic acid, 1 wt%, was used as a process control agent. Thexcept for several small coalescentparticles located at the
actual ratio of titanium to aluminum in mechanically alloyed €dge and for some quite finely scattemggarticles around the
(MA) powders is approximately 1.07 to 1.08. Mechanically al- lamellar agglomerate. Very fine lamellar spacings were com-
loyed powders were then consolidated by reactive HIP undermonly observed although they varied in each lamellar grain and
the pressure of 100 MPa at a temperature of ~1150 to 1200 °drom grain to grain. The BEI image of area | in Fig. 3(b) at
for 3 h. Annealing of HIP materials was carried out for 1 to 3 h higher magnification (Fig. 3c) showed nanoscale interspacings

in a vacuum Instron furnace at temperatures of ~1350 to 1400Petweery laths (as depicted by dark contrast) apdaths (de-
picted by light contrast). Also, an unfinishepghase precipita-

H. Huang, T. Tiainen, andY. Ji, Tampere University of Technology, tion process Inan individual, lath was revealed, as '”d!c‘f"te.d
Insitute of Materials Science, P.O. Box 589, 33101 Tampere, Finland; PY the arrow in Fig. 3(c). The results show that the precipitation

and P. Virtanen, Nordberg-Lokomo Oy, Lokomo Steels, P.O. Box Of ylath starts from one point. Then the lath grows up along the
306, 33101 Tampere, Finland. length direction instead of forming the whole lengtty ¢dith
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across prion, grain by solute partitioning out of @3 matrix the formation o¥ laths from the dominat (or a,) phase dur-
at the same time. From the point of view of the free energy, theing cooling should, after annealing at the used temperature,
former formation mechanism should be more reasonable. Theconstitute a major part of the microstructure of HIPed materials
lamellar structures consisting of alternating layerg aifida, instead of equiaxed grains. A chemical analysis revealed
laths have the crystallographic orientation relationship of 0.032 N, 0.50 0, 0.62 C, and 0.24 Fe in the powder milled for 8
(111),//(0001), and [011}//[2110], , as shown in Fig. 4. This  hand 0.038 N, 0.57 O, 0.70 C, and 0.20 Fe (Wt%) in the powder
suggests that the close-packed {TJilanes are nucleatingand  mijjled for 45 h, respectively. It is therefore suggested that the
grow from the (0001) basal planes. Thelaths in lamellar  pigh content of interstitial elements in the studied materials sig-
structure are _gengrally relatgd to the formation of {%M}ns', nificantly influences the mechanism of lamellae formation. Ac-
As shown in Fig. 5, the'mlcrostruct_ure of thg maFerlaI milled cording to Ref 11, the nucleation pfaths from anu phase

for45h co_nS|sted of equiaxed submicron graing Dl éf' occurs via the movement @f/6)[1100] Shockley partial dislo-
ter ‘?‘“”ea"“r? for 3;‘ at atempgatuge:lf ]130(1:0 1350 .C’ Som%ations, which introduces the stacking faults at the lamellar in-
23?2 dg:j(ijv;,i;gﬁnnezli?\(;en In Fig. 6. No lamellar reactions C terface. Similarly, the nucleation @f laths originates from the

’ stacking faults iry, which have the same stacking sequence as

a,. The growth ofi, laths is occurring on {111 slip planes by

4. Discussion the movement ot [112] partial dislocations and composi-
tional adjustment (Ref 12). Therefore, the nucleation of either
o, orylaths always involves the movement of Shockley partial

lar structure in the HIPed materials after annealing at the useodlslocatlons. It has been reported in Ref 13 yahtase has a

high temperature definitely excludes the formation of a fully V€'Y limited solubility of interstitial elements. The maximum
(or near) lamellar structure because the lamellar structureSOlubility of oxygen iry is approximately 250 at.% ppm for the
seems to form only in priar, agglomerates. However, the for-  t€mperatures ranging from 1000 to 1300 °C (Ref 13). However,
mation of a fully lamellar structure was reported during HIP of there are no difficulties for the materials that have a higher con-
powder mixture with the nominal composition of Ti-48Al- tentof interstitial elements, for example, 550 wt% ppm of oxy-
2Mn-2Nb and subsequent annealing for 1 h at 1400 °C (Ref 9).9en (Ref 1), to obtain fully lamellar structure upon annealing at
Further, according to Murray’s titanium-aluminum phase dia- high temperature. In other words, a very limited content of in-
gram (Ref 10) a significant part gfmatrix should transform terstitial elements iy solution cannot effectively prevent the
into a phase when the annealing temperature is raised to thatnovement of dislocations and thus the transformatigrirab

high value. In other words, lamellar structures originating from a at high temperature during the heating leg of annealing. Con-

As shown in Fig. 3, the small volume fractionytf, lamel-

30 um
) _ ) ) Fig. 2 Microstructure of the material milled for 45 h and hot
Fig. 1 Microstructure of the material milled for 8 h and hot isostatically pressed (scanning electron microscopy BEI image):
isostatically pressed (scanning electron microscopy BEl image):  y-TiAl matrix and a very limited volume fraction ab-TizAl ag-
y-TiAl matrix anda»-TigAl agglomerates glomerates
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versely, the high density of the fine carbonitrides dispersed in sequent cooling. Conversely, a high content of interstitial ele-
matrix in the HIPed materials in the present case (Ref 14) couldments instead of the carbonitridesiphase possibly stabilizes
stabilize theyphase. As a result, tenatrix in HIPed materials  thea phase and therefore prevents the formatigiaths. The

did not transform sufficiently inta phase during the annealing unfinished transformation af agglomerates shown in Fig. 3d
and thus could not form lamellar structure during the sub- shows this lack of formation.

)

Fig. 3 Scanning electronmicroscopy BEI micrographs of the structure of the material milled for 8 h after heat treatment fertér-at th
perature of ~1350 to 1400 °C. (a) Spheroidizationphgglomerates. (b) Alamellar region formed from a previguagglomerate during

the heat treatment. A typical lamellar structure in the pricegglomerate consists of four lamellae grains. (c) Nanoscale interspacings of
laths (dark contrast) arep laths (light contrast) in area | of Fig. 3(b). A continuing procegdath precipitation fronw, phase is clearly
revealed as indicated by the arrow. (d) A partially transformeaglomerate
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Fig. 4 Atransmission electron microscopy micrograph of the la-
mellar structure of the material milled for 8 h after annealing for 1

h at the temperature of ~1350 to 1400 °C. (a) Selected-area diffrac-
tion pattern taken from the lamellar structure. (b) Schematic repre-
sentation. (c) Crystallographic orientation relationships between
twin-relatedy anda; laths: (11),/(0001);2 and [011}//[2110},2
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Fig. 5 Transmission electron microscopy micrograph of the
material milled for 45 h and hot isostatically pressed. The
microstructure consists of an equiaxed submicron micro-
structure ofy-TiAl phase.

l'ii.l'-ﬁm

Fig. 6 Transmission electron microscopy micrograph of the
material milled for 45 h and hot isostatically pressed after an-
nealing for 3 h at a temperature of ~1300 to 1350 °C. Slight
grain growth of theg phase occurred during annealing.
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A question now arises whether fhiaths nucleate and grow 2
from a phase before ordering. It was reported in Ref 9 that the
driving force for lamellar structure formation is the supersatu-
ration of aluminum it phase. For Ti-50Al alloy, the formation

of ylaths froma phase occurs above 1370 °C and the ratio (alu-
minum/titanium) ina phase is larger than 47 to 53 (Ref 1). In
this case, the saturation degree of aluminum phase at the
annealing temperature (aluminum to titanium =45 to 48) is
sufficient for the formation of laths from thex phase. In other
words, type | lamellae formation (Ref 1) could occur during the
cooling of supersaturated phase intoq +y) field. It should

be pointed out that the process of type | or Il lamellae formation
(Ref 1) becomes more complicated when taking into account
the effect of microalloying additions because the microalloying
additions could shift the/(a +y)/y transus lines. It has been
reported that a 2% Nb addition into Ti-48Al alloy shifts the (

+ y)/ly transus line toward the aluminum-lean direction and the
a/(a +y) transus line toward the aluminum rich side (Ref 15).

5. Conclusions

During mechanical alloying and subsequent HIP of Ti-

48Al1-2Cr-2Nb powder mixture, a microstructure consisting of 10.

equiaxedy-TiAl and a,-TizAl phases was formed in the mate-
rial milled for 8 h. Conversely, an almost singtdiAl phase
was formed in the material milled for 45 h. The high-tempera-
ture annealing of the HIPed material milled for 8 h resulted in
the final duplex microstructure consistingyTiAl matrix and

lamellar § + a,) grains. They matrix was rather stable and did 12,

not join the lamellar reaction. It is suggested that the high den-
sity of fine and stable carbonitrides (which resulted from the

high content of interstitial elements in the MA powders and was 13.

homogeneously distributed in tlyematrix) together with the
microalloying elements of niobium and/or chromium stabi-
lized they matrix.

References
1. Y.-W. Kim, Microstructural Evolution and Mechanical Proper-

ties of a Forged Gamma Titanium Aluminide Allécta Metall.
Mater., Vol 40 (No. 6), 1992, p 1121-1134

7880 Volume 7(6) December 1998

5.

11.

15.

. H.E. Deve, A.G. Evans, and D.S. Shih, AHigh-Toughness
Titanium Aluminide,Acta Metall. Mater.,Vol 40 (No. 6),
1992, p 1259-1265

3. S. Naka, M. Thomas, and T. Khan, Potential and Prospects of

Some Intermetallic Compounds for Structural Applicationa;
ter. Sci. Tech.yol 8, April 1992, p 291-298

4. M.F. Bartholomeusz, M.A. Cantrell, and J.A. Wert, The En-

hanced Work Hardening Rates of the Constituent TiAl agdlTi
Phases in a Lamellar Microstructukéater. Sci. Eng. Ayol 201,
1995, p 24-31

C.T. Liu, J.H. Schneibel, P.J. Maziasz, J.L. Wright, and D.S.
Easton, Tensile Properties and Fracture Toughness of TiAl Al-
loys with Controlled Microstructuredntermetallics, Vol 4,
1996, p 429-440

6. S. Mitao, T. Isawa, and S. Tsuyama, Lamellar Orientation De-

pendent Anisotropy of Fracture Toughness/-Base Titanium
Aluminide, Scr. Metall. Mater.Vol 26, 1992, p 1405-1410

7. S. Kim, W. Cho, and C.P. Hong, Creep Behaviour of Cast TiAl

Based Intermetallicdlater. Sci. TechVol 11, Nov 1995, p 1147-
1155
. K. Taguchi, M. Ayada, K.N. Ishihara, and P.H. Shingu, Near-Net
Shape Processing of TiAl Intermetallic Compounds via Pseudo
HIP-SHS Routelntermetallics Vol 3, 1995, p 91-98
. G. Zhang, P.A. Blenkinsop, and M.L.H. Wise, Phase Transforma-
tions in HIPed Ti-48Al-2Mn-2Nb Powder During Heat-Treat-
ments,Intermetallics Vol 4, 1996, p 447-455
J.L. Murray, Vol 1Binary Alloy Phase Diagramsl-Ti Phase
Diagram, T.B. Massalski, Ed., American Society for Metals,
1987,p 173
L.L. He, H.Q. Ye, X.G. Ning, M.Z. Cao, and D. Han, The Study
of Interfaces between TiAl and3Al Phases in the Intermetallic
Compound Ti50.7AI48Mn1.3Philos. Mag. A\Vol 67 (No. 5),
1993, p 1161-1175
M.A. Imam, C.R. Feng, and K. Sadananda, Twins and Lamellar
Structures in the Ti-Al System with Manganese AdditibriVia-
ter. Sci. Lett.Mol 11, 1992, p 1636-1638
A. Menand, A. Huguet, and A. Nerac, Partaix, Interstitial Solubil-
ity in y anda, Phases of TiAl-Based Alloy#\cta Mater. Vol 44
(No. 12), 1996, p 4729-4737

14. H.X. Huang and T. Tiainen, “FAI(C,N) Precipitates in a Me-

chanically Alloyed and HIPed Gamma-Based TiAl Alloy,” Proc.
of the 1998 Int. Conf. On Powder Metallurgy & Particulate Mate-
rials (Las Vegas), May 31-June 4, 1998, Metal Powder Industries
Federation

Y.G. Li and M.H. Loretto, Microstructure Evolution of Ti-
48Al-xNby Intermetallics,Acta Metall. Mater. Vol 42 (No.

6), 1994, p 2009-2017

Journal of Materials Engineering and Performance



