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Abstract: Ti—47A1-2Nb—2Cr—0.4(W, Mo) (mole fraction, %) alloy ingot fabricated using vacuum consumable melting was
containerless near-isothermally forged, and the high temperature forgeability, microstructure and tensile properties were investigated.
The results show that the TiAl ingot exhibits good heat workability during containerless near-isothermally forging process, and there
are not evident cracks on the surface of as-forged TiAl pancake with a total deformation degree of 60%. The microstructure of the
TiAl ingot appears to be typical nearly-lamellar(NL), comprising a great amount of lamellar colonies (a,*y) and a few equiaxed y
grains. After near-isothermally forging, the as-forged pancake shows primarily fine equiaxed y grains with an average grain size of 20
um and some broken lamellar pieces, and some bent lamellas still exist in the hard-deformation zone. Tensile tests at room
temperature show that ultimate tensile strength increases from 433 MPa to 573 MPa after forging due to grain refinement effect.
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1 Introduction

Due to the attractive combination of low densities,
high specific yield strength, outstanding oxidation
resistance as well as good elevated temperature strengths,
TiAl based alloys have been considered one of the most
promising candidates for advanced structural materials
for high-temperature applications in aerospace and
automotive industries [1-4]. However, the low room
temperature ductility and poor formability limit the
extensive application of TiAl based alloys. Hot working
operation is an effective way to develop a fine, uniform
microstructure suitable for subsequent process or final
heat treatment for desired microstructure. Therefore,
considerable efforts have been devoted to studying the
hot working and its effect on microstructure and
mechanical properties [5—7].

Among those operations, forging is an extremely
effective process and has been widely used by many
investigators for manufacturing TiAl products with
tailored microstructures and excellent room temperature

mechanical properties. In these researches, the forged
TiAl billet was mostly canned with some metal
containers [§—14]. In the present work, the containerless
near-isothermally forging of TiAl alloy, including
three-step deformation with short intermediate heat-
treatment between the every double deformation, was
carried out, and the effect of containerless forging on
microstructure and tensile properties of TiAl alloys were
investigated.

2 Experimental

The alloy with a nominal composition of
Ti—47Al-2Nb—2Cr—0.4(W, Mo) (mole fraction, %) alloy
ingot was prepared by vacuum arc re-melting (VAR)
process three times in order to reduce composition
heterogeneity. The parent materials used in this study
contained high purity Ti sponge, Al, Cr, AI-Nb and
Al-Mo—W-Ti interalloys. The forging billet with
dimensions of d65 mmx90 mm was machined from the
ingot, which was firstly coated with glass powder slurry
to assure lubricating and to protect the billet in the
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forging process, and then heated to 1200 °C in a muftle
furnace for 1 h. After heating, the billet was three-step
near-isothermally forged on a hydraulic presser with
6300 kN using a nominal strain rate of 5107 s, and
the die was heated and maintained at 900 °C. After the
first deformation, the forged pancake was coated with
glass powder slurry again, then conducted a
heat-treatment at a temperature of 1200 °C for 30 min
before the next step deformation. To avoid the cracking
and control the grain growth, the height reduction during
every step should not exceed 20% of the primal height of
forging billet. The resulting pancake was crack-free and
had a height of 36.2 mm, which corresponded to a
deformation degree of approximately 60%.

Microstructures before and after the forging were
analyzed by optical microscopy (OM). For OM
observation, samples were mechanically polished and
etched with Kroll’s reagent (I mL HF + 3 mL HNO; +
16 mL H,0O). Phase analysis for ingot and as-forged
material was conducted by X-ray diffraction (XRD)
technique using Cu K, radiation. The cross-section of the
oxidized pancake surface was examined on a scanning
electron microscope (SEM). The microscope was
equipped with an energy dispersive spectroscope (EDS)
operated at 20 kV. The tensile tests of ingot and
as-forged TiAl alloys were conducted at 25 °C in air on a
MTS testing machine at a strain rate of 1310 s '. The
specimens were prepared by electric discharge
machining (EDM) in a form of plate with gauge size of
26 mmx3 mmx2 mm. The fracture surfaces of the
specimens after tensile test were examined using
secondary electron imaging in SEM.

3 Results and discussion

3.1 Macrostructure and exterior oxidized layer of as-
forged TiAl pancake
Through containerless forging with a total
deformation degree of 60%, the TiAl pancake exhibits a
regular shape with a thin oxidized layer, and there is no
evident cracks on the surface of as-forged TiAl pancake.
Figure 1 presents the macrostructure photographs of
upper and cross-section of forged pancake. As seen from
Figs. 1(a) and (b), the deformation structure accords to
the conventional forging, which exhibits uniform
single-drum and three typical deformation areas: the near
surface zone of TiAl pancake is hard deformation area,
the center zone of pancake is free deformation area, and
the near side zone of pancake is homogeneous
deformation area [15]. The metal flowing of as-forged
pancake is wide and its axis is gradually perpendicular to
the orientation of forging.
Figure 2 shows the SEM image and composition
line scan map of the cross-section oxidized surface. As

Fig. 1 Macrostructures of as-forged TiAl pancake: (a) Upper
surface; (b) Cross-section
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Fig. 2 SEM image (a) and elements line distribution map (b) of
cross-section of oxidized TiAl pancake surface
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shown in Fig. 2, the oxide scale formed in the forging
process is thin, with a thickness of 3—6 pm, and no scale
spallation with cracks is observed. The elements line
distribution map confirms that the oxide scale consists
primarily of Al,O;, the exterior oxide scale contains
more Nb element, and the aluminum-depleted layer
exists at the interface of oxide scale and matrix. It is
obvious that the coated glass powder slurry improves the
oxidation resistance of TiAl matrix. Owing to the low
level of oxidation, only Al,O; is formed in the oxide
scale. This is ascribed to the fact that glass powder slurry
outside the matrix acts as a barrier to the air, which can
change the partial pressure of oxygen and oxidation
kinetics of the matrix, leading to diffusing of aluminum
towards the surface firstly and formation of denser Al,O;
layer. What is more, Nb element can reduce the energy to
form Al,O;, and inhibit the formation of TiO, through
decreasing the concentration of O element vacancy. Thus,
the oxide layer of pancake is mainly Al,O;, and the
denser Al,O; layer is very useful to keep oxygen from
permeating in the TiAl matrix, by which the growth of
the oxide can be retarded greatly.

3.2 Microstructure of TiAl ingot and as-forged TiAl
pancake

Figure 3 shows the microstructure of transverse
section of TiAl ingot. TiAl ingot is typical
nearly-lamellar microstructure, comprising a great
amount of lamellar colonies (a,*y) and a few equiaxed y
grains, and the equiaxed y grains with size of 20—50 pm
exist at the interface of lamellar colonies. The grain
colony size is 200-300 um. After three-step
containerless near- isothermally forging, the optical
microstructure of the pancake in different deformation
area is shown in Fig. 4. The microstructure of the near
surface zone comprises streamlined or bent lamellar and
a small amount of recrystallization duplex grain
(Fig. 4(a)), while the microstructure of the center area is
similar to that of the near side area, primarily comprising
duplex structure with grain size of 20—30 um. It can be
seen in Figs. 4(b) and (c) that, most initial lamellar

Fig. 3 OM image showing microstructure of TiAl ingot

Fig. 4 OM images showing microstructures of as-forged
pancake: (a) Near surface zone (Hard deformation area); (b)
Center zone (Free deformation area); (c) Near side zone
(Homogeneous deformation area)

colonies in these two areas are totally broken up, whose
microstructure primarily consists of fine equiaxed y
grains and a litter amount broken lamellar pieces. The
phase analysis of TiAl ingot and as-forged pancake
(Fig. 5) confirms the presence of y and a,, while peaks
for remanent S phase are not distinct in this result. The
phases of TiAl ingot and as-forged pancake do not show
much difference, and they all comprise a great amount of
y and a few a,.

The TiAl ingot used for forging has near lamellar
microstructure, showing a columnar character. Under
hot-working conditions, the deformation of the lamellar
colony is highly dependent on its orientation with the
pressure direction and its location in the ingot. In
different deformation area, the deformation behavior of
the (a,+y) lamellar colony is also influenced by its
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Fig. 5 XRD patterns of TiAl ingot and as-forged TiAl pancake

location in the ingot. In the near surface zone,
deformation is hindered, and a great amount of lamellar
colonies are not broken for the minor deformation ratio,
but bend to form the wave shape structure. In the center
zone, the secondary tensile stress resulting form the
lateral flow of the ingot promotes the lamellar colonies to
deform. During the process, the movement of the
colonies leads to the shearing of the (ayty) lamellar
colony boundary, which will be broken, and some end of
lamellar will fracture to form small a, or y particles. In
the near side zone, as the deformation is homogeneous,
most of the lamellar colonies will deform through
bending, rotating or forming of fine-grained shearing
zone in colony boundaries [12]. In addition, dynamic
recrystallization (DRX) and globalization of the lamellar
is also responsible for the microstructure evolution of
TiAl ingot. In the area of high strain deformation, as
large strain and great dislocation propagate in the
lamellar boundary, a great amount of strain energy is
stored in the vicinity of lamellar boundary, so that the
driving force for DRX and globalization of the lamella is
strong enough to promote the formation of the fine grain
of DRX near the lamellar boundary. After the first
deformation, a heat-treatment at 1 200 °C is conducted
before the next step deformation. During the
heat-treatment period, the static globularization of bent
lamellae with high distortion energy as well as those
micro-fine grain resulting from the DRX takes place.
Additionally, some lamellas are broken remarkably into
fine pieces, which provide the necessary condition for
DRX in the next deformation [10, 16]. In this way, TiAl
pancake with microstructures mentioned above is
obtained.

3.3 Tensile properties of TiAl ingot and as-forged TiAl
pancake
The specimens of as-forged pancake for the tensile
tests were exclusively excised from the easy deformation
zone along tensile axis perpendicular to the forging

direction. The mean ultimate tensile strength (UTS) of
ingot at room temperature increases from 433 MPa to
573 MPa after containerless near-isothermally forging.
Figure 6 shows the fractographs of the TiAl ingot and
as-forged pancake. Transgranular fracture with numerous
cleavage planes as the predominant mode is observed in
the TiAl ingot, and no dimples are observed. The fracture
of as-forged TiAl pancake is also dominantly trans-
granular cleavage-like failure, including translamellar
cleavage and delamination. The TiAl ingot has inferior
strength at room temperature, which is attributed to the
following reasons. In general, nearly lamellar (NL)
microstructure in ingot materials exhibits lower room
temperature strength and higher Brittle-to-ductile
transition temperature (BDT) because of the strain
incompatibility and the anisotropic tensile properties [17].
The difference in properties of TiAl ingot before and
after forging can be attributed to the microstructure
change caused by the forging. The coarse lamellar
colonies lead to lower strength. While the as-forged TiAl
pancake with finer duplex (DP) microstructure shows a
high tensile strength.

Fig. 6 SEM images for fracture surfaces of tensile samples for
TiAl ingot (a) and as-forged TiAl pancake (b)

4 Conclusions

1) The microstructure of TiAl ingot is typical
nearly-lamellar, which comprises lamellar colonies and a
few equiaxed y grains, and the size of lamellar colonies is
200—300 pm. In (a+y) phase region the TiAl alloy has
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good workability.

2) After containerless near-isothermally forging, the

as-forged alloy has fine, DP microstructure with grain
size less than 20 um. Some bent lamellas still exist in the
hard-deformation zone.

3) Forging can improve the tensile properties of the

alloy, with an increased UTS from 433 MPa to 573 MPa
at room temperature, which is the result of the grain
refinement and microstructure uniformity due to large
formation.
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