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Abstract:    Hot extrusion was conducted in the α+β phase region for promoting mechanical properties of Ti42Al9V0.3Y. The 
microstructures and tensile properties before and after hot extrusion were studied. The results show that the microstructure of the 
as-cast alloy mainly consists of massive γ phase in β matrix and the as-extruded alloy mainly consists of lamellar α2/γ, lamellar β/γ, 
and strip γ propagating from elongated β phase. In the as-cast alloy, the predominantly observed fracture mode is transgranular 
cleavage failure at room temperature and intergranular fracture at 650–750 °C. After hot extrusion, it transforms into transgranular 
cleavage-like failure, including translamellar cleavage and delamination. The excellent tensile properties of the as-extruded ma-
terial are attributed to the obvious refined microstructure with broken YAl2 particles and the micro-crack shielding action of the 
TiAl lamellasome. 
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1  Introduction 
 

Owing to their low density, high specific 
strength, excellent oxidation and creep resistance at 
elevated temperatures, TiAl-based alloys are consid-
ered to be good candidates as high temperature 
structural materials for future hypersonic vehicles 
(Kestler and Clemens, 2003; Kim et al., 2003; Das et 
al., 2004). However, low ductility at room tempera-
ture and inferior workability at elevated temperatures 
restrict their application (Imayev et al., 2007). 

Tetsui et al. (2003; 2005) introduced β phase into 
TiAl-based alloys, and the industry forging practice 
proved that this type of TiAl-based alloy has excellent 
hot workability. But the mechanical property test 

indicated that the ambient ductility of the materials is 
still quite low (Tetsui et al., 2003). Chen et al. (2005) 
reported that the ductility of TiAl alloy can be im-
proved by the addition of a small quantity of Y. 
Therefore, a TiAl-based alloy with nominal compo-
nent Ti42Al9V0.3Y was developed, which consists of 
a lot of β phase and a small quantity of Y.  

Tensile mechanical properties of TiAl alloys are 
sensitive to the microstructure. Particularly, the am-
bient ductility is improved by microstructural re-
finement (Liu and Maziasz, 1998; Park et al., 1999; 
Chen et al., 2002). Hot working is an efficient way to 
further refine the microstructure, which promote the 
ductility and other mechanical properties of TiAl 
alloy (Xu et al., 2006). Thus, it is essential to study 
the effects of hot working on the microstructure and 
mechanical properties of TiAl alloy. In this study, the 
effects of hot extrusion on the microstructure and 
tensile properties of Ti42Al9V0.3Y alloy were in-
vestigated. Hot extrusion was conducted in the α+β 
phase region to achieve a good formability.  
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2  Experimental  
 

The alloy with nominal composition 
Ti42Al9V0.3Y (all in atomic percent, at.%) was 
prepared by induction skull melting (ISM). An ingot 
with dimensions of Φ120 mm×200 mm was prepared 
by casting into a steel mould. The composition was 
analyzed by the X-ray fluorescence method (Table 1). 
Then the ingot was hot isostatic pressed (HIP) under 
argon pressure to eliminate casting porosity (1250 °C, 
175 MPa, 4 h). 

 
 
 
 
 

 
 

 
 
 
Cylindrical billets (Φ42 mm×35 mm) were cut 

from the ingot by electro-spark wire-electrode cutting, 
and then the billets were sealed in 5-mm thick 
stainless steel cases with ceramic sheets. After heat-
ing to 1325 °C with a holding time of 1 h, the samples 
were extruded in a single pass using a hydraulic press 
and the reduction in area was 1/9. 

Tensile specimens with a gauge section of  
Φ3 mm×21 mm were prepared by low stress grinding 
and polishing with 1000 grit sand paper. All the 
specimens were taken from the extruded billet with 
the tensile direction parallel to the extrusion direction. 
Tensile tests in the temperature range from 20 to 
750 °C were conducted on an Instron-5500R testing 
machine (Instron, USA) at an initial strain rate of 
3.75×10−4 s−1. The yield strength (SY), ultimate tensile 
strength (SUT), and the plastic elongation to failure (δ) 
were determined by load-displacement curves from 
tensile tests.  

Microstructures after extrusion were analyzed 
via scanning electron microscopy (SEM) in back- 
scattered electron (BSE) mode and transmission 
electron microscopy (TEM). Samples for TEM ob-
servation were prepared by twin-jet polishing. The 
electrolyte used for twin-jet polishing was a solution 
of 60% (v/v) methanol, 35% (v/v) butyl alcohol, and 
5% (v/v) perchloric acid. 

3  Results 

3.1  Microstructures of the as-cast and as-extruded 
Ti42Al9V0.3Y alloy 

The presence of γ and β phases (Fig. 1) was 
confirmed by X-ray diffraction (XRD) spectra of the 
alloy. As indicated from the SEM image in BSE mode 
(Fig. 2), the fine-grained black phase is surrounded by 
matrix phase with white contrast, and no lamellar 
structure is found in the as-cast Ti42Al9V0.3Y alloy. 
Energy dispersive X-ray spectroscopy (EDS) analysis 
reveals that the white phase contains a higher V ele-
ment and the black phase contains a higher Al ele-
ment than the nominal compositions of the alloy, so it 
can be concluded that the white phase is β phase and 
the black phase is γ phase. TEM and EDS analysis 
show that many particles with bright contrast are YAl2 
phase, mainly distributed in β matrix. 

 
 
 
 

 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
The SEM and TEM microstructures of 

Ti42Al9V0.3Y alloy after extrusion are shown in 
Fig. 3. The SEM image in BSE mode shows that the 

Table 1  Composition of the alloy Ti42Al9V0.3Y 

Element Composition (at.%) 
Ti 51.15 
Al 41.49 
V  9.40 
Y  0.26 

Fig. 2  Back-scattered electron microstructure of the 
as-cast Ti42Al9V0.3Y alloy 
The phase with bright contrast is YAl2, the phase with black 
contrast is γ, and the phase with white contrast is β 

γ 

β 
 

YAl2

Fig. 1  X-ray diffraction pattern of Ti42Al9V0.3Y alloy
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as-extruded material has a complex microstructure 
(Fig. 3a). Figs. 3b and 3c are local amplifications of 
Fig. 3a. Fig. 3b shows two lamellar structures, one 
with grey contrast and the other one with black con-
trast. Figs. 3d and 3e exhibit the TEM microstructure 
with grey and black contrast in Fig. 3b, respectively. 
TEM diffraction analysis indicates that the grey la-
mellar structure consists of α2/γ lamellae (Fig. 3d) and 
the black one consists of β/γ lamellae (Fig. 3e), but no 
fixed orientation relationship is observed between the 
β phase and γ phase. Fig. 3c shows the strip phase 
with black contrast precipitated from the band phase, 
with white contrast. Fig. 3f shows the TEM structure 
of the strip phase in Fig. 3c. TEM diffraction analysis 
confirms that the strip phase with white contrast is the 
γ phase and the band phase with black contrast is the β 
phase.  

3.2  Tensile properties of the as-cast and as-  
extruded Ti42Al9V0.3Y alloy 

Fig. 4 shows that the tensile mechanical proper-
ties of Ti42Al9V0.3Y alloy before and after extrusion 
have an obvious temperature dependence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Tensile properties of Ti42Al9V0.3Y alloy before 
and after extrusion 
(a) As-cast alloy; (b) As-extruded alloy. The samples are 
obtained along the extrusion direction 
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Fig. 3  SEM and TEM microstructures of Ti42Al9V0.3Y alloy after extrusion at 1325 °C 
(a) SEM microstructure of as-extruded alloy; (b) SEM microstructure of two lamellar structures; (c) SEM microstructure of 
strip γ phase with black contrast precipitates from β phase with white contrast; (d) TEM microstructure of α2/γ lamella (the 
white lamella is γ phase and the black one is α2 lamella); (e) TEM microstructure of β/γ lamella (the white lamella is γ phase 
and the black one is β lamella); (f) TEM microstructure of strip γ phase (the white strip phase is γ phase and the black one is β 
phase). The extrusion direction is vertical, and the microstructures are observed on longitudinal section of the as-extruded bar
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With the increase in temperature, SY and SUT 
decrease and δ increases. It should be noted that, 
however, the ductility decreases suddenly at 750 °C in 
the as-extruded alloy, which may be caused by the 
oxidation of test samples. The SUT of the material at 
room temperature is increased from 531 MPa (as-cast) 
to 1076 MPa (as-extruded). Respectively, the δ of the 
material at room temperature is increased from 
0.628% to 1.47% with an enhancement of 134%. The 
SUT of the material at 750 °C is increased from 507 
MPa (as-cast) to 830 MPa (as-extruded). If the tem-
perature at which δ rises to 7.5% is defined as the 
brittle-ductile transition temperature (TBD) (Xu et al., 
2006), the as-cast material has a TBD exceeding 750 
°C, whereas the TBD value of the as-extruded mate-
rial is less than 750 °C. 

3.3  Fracture analysis for the as-cast and as- 
extruded Ti42Al9V0.3Y alloy 

Figs. 5a and 5b show the fractographs of the as- 
cast Ti42Al9V0.3Y alloy at room temperature and 
700 °C, respectively. At room temperature, the main 
fracture mechanism is transgranular cleavage fracture  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

in β and γ phases with numerous cleavage planes. 
Fracture surfaces between long rod YAl2 and β are 
observed in Fig. 5a, and they are approximately per-
pendicular to the tensile axis. The fracture mode of 
the as-cast material has an obvious temperature de-
pendence, which becomes an intergranular fracture at 
650–750 °C. The crack spreads along the phase in-
terface between β and γ. 

 Figs. 5c and 5d show fractographs of the as- 
extruded material tested at room temperature and 
700 °C. The fracture is dominated by transgranular 
cleavage-like failure, including translamellar cleav-
age and delamination. 
 
 
4  Discussion 

4.1  Effects of hot extrusion in α+β phase region on 
microstructure evolution 

Fig. 6 presents the phase diagram of the vertical 
section in the Ti-Al-V ternary system at 42Al (at.%) 
which was reported by Tetsui et al. (2003). According 
to the phase diagram, the solidification and phase  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Fractographs of the as-cast and as-extruded Ti42Al9V0.3Y alloy at room temperature and 700 °C 
The tensile direction is parallel to the extrusion direction. (a) As-cast (room temperature); (b) As-cast (700 °C); (c) 
As-extruded (room temperature); (d) As-extruded (700 °C) 
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transformation path for the studied alloy is as follows: 
β→β+α→β+α+γ→β+α2+γ→β+γ→B2+γ. The as-cast 
Ti42Al9V0.3Y alloy has a quasi-equilibrium micro-
structure consisting of B2 and γ after hot isostatic 
pression for 4 h at 1250 °C, followed by furnace 
cooling.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

According to the differential scanning calo-
rimetry (DSC) result, the phase transition β+α→β 
takes place at 1333 °C (Tβ) in Ti42Al9V0.3Y alloy. 
Thus, the heating temperature (1325 °C) before hot 
extrusion is in the β+α phase region and the micro-
structure of the alloy consists of β grains rich in V and 
α grains poor in V. During hot extrusion, there is an 
obvious temperature rise surpassing the phase transi-
tion point Tβ in the alloy due to a high extrusion ve-
locity and a large extrusion ratio, which means that 
the hot extrusion process of Ti42Al9V0.3Y alloy is 
conducted in the β phase region. Owing to the high 
extrusion velocity in the β phase region, the alloy 
transforms into an elongated β phase with different 
element contents because of incomplete diffusion, 
one rich in V and the other poor in V. In the subse-
quent air cooling process, the phase transition of the 
elongated β microstructure poor in V should be as 
follows: β→β+α→lamellar (α/γ)+β→lamellar (α2/γ)+ 
lamellar (β/γ). At the same time, another phase tran-
sition process in the β phase rich in V should be 
β→β+γ. Thus, the final extrusion microstructure 
consists of two band microstructures with different 
contrast in BSE mode. The band microstructure with 
grey contrast (V-poor region) should include lamellar 

(α2/γ) and lamellar (β/γ). And the black γ phase pre-
cipitates from the band microstructure with white 
contrast (V-rich region). The assertion of the phase 
transformation path is confirmed by Fig. 3. 

4.2  Effects of microstructures on the tensile 
properties 

The variation in the mechanical properties of 
Ti42Al9V0.3Y alloy before and after hot extrusion 
can be related to microstructure evolution during hot 
extrusion. The fracture analysis shows that the low 
bond strength in the interface between YAl2 and β 
phase leads to crack initiation, and a low cleavage 
strength of β and γ phases contributes to crack propa-
gation in the as-cast alloy (Fig. 3a). At 650–750 °C 
the inferior surface bond strength between β and γ 
leads to intergranular fracture (Fig. 3b). Therefore, 
the tensile strength and ductility are quite low in the 
as-cast alloy. The as-extruded alloy with fine lamellar 
structure shows better tensile properties than the 
as-cast alloy over the entire testing temperature range. 
It should be noted that the microstructure of the 
as-extruded material mainly consists of α2/γ and β/γ 
lamellasome. The micro-crack generation in {111}γ 
of γ lamella is limited in adjacent α2 lamella (Chan, 
1993) or the interface between γ twin lamella (Appel 
and Wagner, 1998) and the micro plastic zone occurs 
at the tip of micro-crack. The micro-crack shielding 
action of the TiAl lamellasome improves the ductility 
and strength of the as-extruded alloy. At the same 
time, the microstructure refinement increases both the 
strength (Bohn et al., 2001) and ductility (Senkov et 
al., 1998) of the as-extruded alloy. As well, the long 
rod YAl2 phase has been broken by hot extrusion, thus 
decreasing the fracture tendency caused by stress 
concentration in the as-extruded alloy. 

 
 

5  Conclusions 
 

The microstructure of as-cast alloy mainly con-
sists of a massive γ phase in β matrix. After hot ex-
trusion in the α+β phase region, the microstructure 
mainly consists of lamellar α2/γ, lamellar β/γ, and a 
strip γ propagating from the elongated β phase. La-
mellar α2/γ and lamellar β/γ forms in an elongated β 
phase poor in V, and strip γ forms in an elongated β 
phase rich in V. 

Fig. 6  Phase diagram of the vertical section in Ti-Al-V 
ternary system at 42Al (Tetsui et al., 2003) 
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In the as-cast alloy, the predominantly observed 
fracture mode is a transgranular cleavage fracture at 
room temperature and intergranular fracture at 
650–750 °C. In the as-extruded alloy, the fracture 
mode is a transgranular cleavage-like failure, in-
cluding translamellar cleavage and delamination. 

The mechanical property of Ti42Al9V0.3Y alloy 
can be greatly improved by hot extrusion in the α+β 
phase region. The low tensile properties of the as-cast 
alloy are attributed to the low cleavage strength of γ 
and β, weak surface bond strength between β and γ, 
and the existence of long rod YAl2. The excellent 
tensile properties of the as-extruded alloy are attrib-
uted to the refined microstructure with broken YAl2 
particles and the micro-crack shielding action of the 
TiAl lamellasome. 
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