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The  microstructure  and  tensile  properties  of  Ti–44Al–6V–3Nb–0.3Y  (at.%)  alloy  after  canned  forging  were
investigated.  SEM  results  showed  that  the  TiAl pancake  exhibits  inhomogeneous  microstructure,  which
can be  ascribed  to  the  temperature  drop  and  friction  between  billet  and  outer  pack  during  forging,  as
well  as  the  intrinsic  anisotropy  of  lamellar  colony.  By  means  of  TEM  observation  and  EBSD  analysis,
the  microstructure  in  the  dominant  area  of  the  pancake  was  further  characterized.  This  deformation  area
consists  of 87.7%  content  of  � grains  plus  some  refined  lamellar  colonies  and  the  rest  of  B2  grains.  The  grain
ntermetallics
orging
icrostructure

ensile properties

size ranges  between  1 �m  and  8.5 �m. High-angle  boundaries  dominate  the  deformation  microstructure,
several  substructures  and  twins  are  observed  as  well.  Additionally,  current  forged  alloy  exhibits  excellent
high  temperature  tensile  strength  and noteworthy  yield  stress  anomaly  (YSA),  with  ultimate  tensile
strength  680  MPa and  yield  strength  620 MPa  at room temperature,  increasing  to 850  MPa  and  750  MPa
at 700 ◦C, respectively.  The  anomalous  strengthening  of  current  TiAl alloy  is  temperature  dependent  and
can be  interpreted  by  the  dislocation  cross-slip  pinning  mechanism.
. Introduction

TiAl based alloys are highly promising for high-temperature
tructural applications in aerospace and automotive industries, due
o their attractive properties, such as low density, good elevated
emperature strength, high resistance to oxidation, excellent creep
roperties [1,2]. However, the low room temperature ductility and
oor deformability limit their extensive applications [2–4]. One of
he best means to improve the ductility of TiAl alloys is to convert
he coarse grained, textured and segregated microstructure into a

ore homogenous and fine grained microstructure through alloy-
ng [5],  heat treatment [6],  thermo-mechanical treatment (TMT)
7–10], including isothermal forging, pack-forging, hot extrusion
nd rolling etc. Recently, � phase containing TiAl alloys have been
eveloped widely, due to their excellent hot deformability and
efined microstructure by � solidification [8,11–13]. However, pre-
ious researches indicated that coarse � phase existing in TiAl
lloys deteriorates creep resistance and room temperature prop-
rties [14,15].

TiAl ingot generally has a dominant coarse lamellar microstruc-

ure. It is nearly impossible to completely break down the lamellar

icrostructure through thermo-mechanical processing [16,17].
hus the wrought microstructure generally consists of fine-grained
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recrystallized areas plus some remnant lamellar colonies. Hot
processing techniques, process variables and the initial microstruc-
tures determine the resulting amount of remnant lamellar colonies
and the final homogenization degree [17,18].  The nonuniform
deformation microstructure with coarse residual lamellar colonies
will lead to deformation incompatibility and flow localization dur-
ing subsequent hot rolling or forming process and deteriorate
the mechanical properties of finished products [18–20].  Therefore,
how to eliminate the remnant lamellar structure and ensure the
deformation microstructure homogeneous is an important matter
necessary to be considered during processing of TiAl alloys.

In this study, the microstructure of as-forged
Ti–44Al–6V–3Nb–0.3Y (at.%) pancake was  characterized com-
prehensively, by means of SEM, TEM and EBSD techniques. And
the reason for the nonuniform deformation microstructure was
discussed in detail. Furthermore, the tensile properties at room
temperature, 700 ◦C and 800 ◦C were tested; the anomalous
hardening phenomenon of this as-forged alloy was interpreted as
well.

2. Experimental procedure

The ingot with a nominal composition of Ti–44Al–6V–3Nb–0.3Y (at.%) was pre-

pared by induction skull melting (ISM) in a water-cooled copper crucible. An ingot
with dimensions of approximately Ф120 mm × 220 mm was gained, then was hot
isostatic pressed (HIPed) at 1200 ◦C for 4 h under a pressure of 140 MPa  and aged at
900 ◦C for 48 h. Cylindrical billet (Ф90 mm × 100 mm)  was cut from ingot by electric-
discharge machining and then canned by 20 mm thick steel pack. A pancake with

ghts reserved.
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Fig. 1. The can-forged Ti–44Al–6V–3Nb–0.3Y alloy pancake.

imensions of Ф170 mm × 20 mm (Fig. 1) was obtained by two-step canned forging
onducted at 1200 ◦C and 0.01 s−1, using an engineering strain of 80%.

The microstructures were characterized by scanning electron microscopy (SEM)
n  back-scattered electron (BSE) mode, transmission electron microscopy (TEM) and
lectron Back scattered Diffraction (EBSD) techniques. TEM sample was  cut from the
ore area, thin TEM foils were prepared by mechanical polishing and twin-jet elec-
ropolishing using a solution of 6% perchloric acid + 34% butanol + 60% methanol at
20 ◦C and 25 V. The EBSD sample was  cut close to the core of pancake perpendicu-

ar to forging direction, and then prepared using the same process as TEM samples,
xcept that the electropolishing time was 15 s. The data collection was conducted at
ntervals of 0.3 �m and the collected EBSD data were treated with TSL OIM Analysis
oftware.

Flat tensile samples were cut from the central area of the pancake, all the tensile
ests were conducted on Instron universal test machine at room temperature, 700 ◦C
nd  800 ◦C, driven at crosshead speed of 0.5 mm min−1.

. Results and discussion

.1. Nonuniform deformation microstructure

Fig. 2 shows the deformation microstructures in different sam-
ling points in the as-received TiAl pancake. As shown in Fig. 2(a),
he core area features a fully dynamic recrystallization (DRX)

icrostructure consisting of fine equiaxed grains. The black areas
ndicate � phase and the bright represent B2 (ordered � phase),

hich can be confirmed by subsequent EBSD analysis. Some coarse
nd elongated residual lamellar colonies appear in Fig. 2(b), which
eans that the DRX did not proceed completely near the surface

rea in the center. From Fig. 2(c)–(e), it can be clearly seen that the
icrostructures at the sampling points of 0.25 r and 0.5 r are char-

cterized by dominated fine DRX grains plus some refined lamellar
olonies. Similar to the microstructure shown in Fig. 2(b), an incom-
letely DRX microstructure with dominant coarse and elongated

amellar colonies can be observed near the edge area in Fig. 2(f),
ynamic recrystallization preferentially took place along lamellar
olony boundaries.

The fully or nearly fully dynamic recrystallization district in
orged pancake is generally called “large deformation zone”, while
he partly dynamic recrystallization district, such as the edge and
urface of the pancake, is called “difficult deformation zone”. The
icrostructure difference between the two areas can be ascribed

o inhomogeneous plastic flow during canned forging. Usually,
eat loss and the resulting temperature drop during forging are
nevitable, especially at the ends of the billet. According to Wang’s
esearch on heat loss during pack forging of TiAl alloys [21], tem-
erature drop at the ends of the billet is expected to be 100 ◦C
ore than on the surface, because effects of heat transfer by steel
pounds 509 (2011) 10179– 10184

subplates are more significant than surface radiation effects during
hot forging. Meanwhile, the temperature of the billet can be raised
by plastic deformation and internal friction. Consequently, a large
temperature gradient generates in the billet, and the core area has
much higher temperature. As well known, plastic deformation is
a typically thermally activated process, during forging, the defor-
mation or dynamic recrystallization preferentially proceeds in the
central zone of the billet, and the strain (plastic flow) decreases
gradually from center to edge (or surface). Additionally, for cur-
rent � solidified TiAl alloy, transformation � → �+B2 readily takes
place under the condition of hot forging, as soon as the temperature
decreases slightly lower than 1200 ◦C. The � laths decomposition
and B2 phase generation further facilitate the dynamic recrystal-
lization, especially in the core of the TiAl billet. DRX and large strain
make the dominant central area even softer by breaking down
the coarse lamellar colonies, in turn, inducing more subsequent
deformation, which finally results in a completely DRX area in the
central area, while a partly DRX area near the surface and edge
of the pancake. Furthermore, the friction between pack and bullet
is also unavoidable during forging, which, together with tempera-
ture drop, causes stress concentration and difficult plastic flow zone
near the boundary between the outer pack and TiAl billet, especially
at the ends of the billet. Overall, the temperature drop and friction
during forging are primary causes to bring about incompletely DRX
and give rise to coarse residual lamellar colonies. Wang et al. [21]
have reported that deformation uniformity degree can be improved
by optimizing the pack thickness and using thermal insulation at
the ends of the billet.

Note that in Fig. 2(b) and (f), the interfaces of the residual
lamellar colonies are approximately perpendicular to the forging
direction. This can be interpreted by the anisotropic plastic flow
features of lamellar colonies. Inui et al. [22], reported that the
yield stress of lamellar colonies strongly depends on the orientation
angle Ф between lamellar boundaries and loading axis. According
to calculation on PST TiAl at 1100 ◦C, the yield stress is the high-
est (about 260 MPa) when the orientation angle Ф is 90◦. This is
a hard orientation, the deformation can only shear along lamel-
lar interfaces and � phase will deform in its hardest slip mode.
During pack forging, the coarse lamellar colonies were elongated
and bended by dislocation slip at first, and dynamic recrystalliza-
tion would proceed in some soft-orientated lamellar colonies and
along grain boundaries. While the effective strain was not enough
to arouse completely dynamic recrystallization in the coarse hard-
orientated lamellar colonies, resulting in an incomplete DRX area
with some residual lamellar colonies at last. This interpretation is
consistent with the investigations on forged TiAl [17], and extruded
TiAl [23], that the interfaces of the residual lamellar colonies are
perpendicular to the forging or extrusion direction. In short, the
inhomogeneous deformation microstructures of current TiAl pan-
cake are mainly caused by nonuniform plastic flow, which are
induced by both external factors including temperature drop and
friction during forging, and intrinsic anisotropy of coarse lamellar
colonies.

As discussed above, the large deformation zone, i.e. the com-
pletely DRX areas such as Fig. 2(a), (c) and (d), dominates the current
pancake. This dominant zone exhibits relatively fine and uniform
DRX microstructures. In addition, TiAl plates for subsequent pack
rolling of TiAl sheet are generally cut from this zone. Therefore,
it is necessary to characterize the microstructures and study the
properties of the large deformation zone.

3.2. Microstructure characterization of the large deformation

zone

The bright-field TEM images in Fig. 3 reveal the sub-
tle microstructures of the TiAl pancake. From Fig. 3(a), some
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ig. 2. BSE images showing microstructures in different sampling points of the forg
mage  of (c), (e) 0.5 r and (f) near edge. For image (b) and (f), the forging direction is v

islocation-free statically recrystallized � grains are observed in the
rooked lamellar colony. This residual lamellar colony displays high
ensity of dislocations, and the statically recrystallized � grains are
enerally induced by dislocation recovery, due to the high stored
nergy in lamellae during forging. Fig. 3(b) shows the twins inter-
ection in � grain. Moreover, fine DRX grains can be clearly seen in
ig. 3(c). As known, the plastic deformation of �-TiAl takes place by
ither dislocation slip or mechanical twins. Slip generally proceeds
y four ordinary dislocations of 1/2〈1 1 0 〉{1 1 1}, eight super dislo-
ations of 〈1 0 1〉{1 1 1} and four twinning systems 1/6〈112̄〉{111}
24], and only the 1/6〈112̄〉{111} slip systems do not change the
rdered L10 structure. During forging, multiple slip systems were
perated, thereby dynamic recrystallization could proceed almost
ompletely and several twins generated in the large deformation
one, as shown in Figs. 2 and 3.

Fig. 4 presents an EBSD phase map  overlaid with low (1◦–15◦)
nd high (15◦–180◦) angle boundaries. As shown, the microstruc-
ure consists of dominant � (87.7%) and a few B2 (11.4%) grains.
lmost no � (�2) phase is found, mainly because the � laths in
amellar colony cannot be detected by EBSD using current scan-
ing step of 0.3 �m.  Meanwhile, combined with the SEM results in
ig. 2, the EBSD phase result confirms that the DRX areas are com-
osed of equiaxed � and B2 grains, and several refined lamellar
ncake. (a) near core (b) near surface in the center, (c) 0.25 r, (d) high magnification
l. For images (c)–(f), samples were cut along horizontal center plane of the pancake.

colonies. Moreover, the DRX microstructure features predomi-
nant high-angle boundaries (77.1% content) and 22.9% low-angle
boundaries (red color). The detailed distribution of boundary mis-
orientation angles is represented in Fig. 5(a). We  can clear see
a relatively high content of small misorientation angles (lower
than 5◦) and a peak value of 90◦. As is well known, high angle
boundaries are generally caused by dynamic recrystallization and
grains growing up through swallowing up or merging, while
low angle boundaries are normally the features of substructures
generating during forging. Noteworthy that, subgrains with high-
angle boundaries mainly exist in DRX � grains or refined residual
lamellar colonies, these subgrains readily grew up from substruc-
tures with low-angle boundaries during forging and contributed
to further breaking down the coarse grains, especially the resid-
ual lamellar colonies, through dynamic recrystallization. Because
coarse lamellar colonies generally accumulated higher dislocation
density and stored energy during hot forging. Fig. 5(b) reveals
the grain size distribution of DRX area shown in Fig. 4. Over-
all, the DRX grain size is no larger than 8.5 �m,  and for half

content of the DRX grains, the grain size is between 1 �m and
4 �m.  The coarse casting microstructure of the TiAl alloy has been
effectively broken down by dynamic recrystallization during hot
forging.
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Fig. 3. Bright-field TEM images showing microstructures of pancake. (a) statically recrystallized � grains in residual lamellar colony, (b) twins and (c) dynamically recrystallized
g
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rain.

.3. Tensile properties of current forged TiAl alloy
Tensile properties of as-forged Ti–44Al–6V–3Nb–0.3Y alloy are
hown in Fig. 6. At room temperature (RT), the yield strength (YS)
nd ultimate strength (UTS) of current forged alloy are 620 MPa

Fig. 4. The EBSD phase map  overlaid wi
and 680 MPa  respectively, with an elongation (ı) of 0.95%. While
◦
testing at 700 C, the YS, UTS and ı values increase to 710 MPa,

850 MPa  and 31.5%, respectively. As discussed above, the cen-
tral zone of current forged TiAl is characterized by dominant fine
DRX grains with grains size no more than 8.5 �m.  According to

th low and high angle boundaries.
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Fig. 5. The EBSD charts presenting distrib

all–Petch equation, �s = �o + kd−1/2, the fine DRX grain size is
eneficial to the RT tensile strength, as well as both the RT and
levated temperature ductility, but to the elevated temperature
trength. Meanwhile, as well-known, the high density of disloca-
ions (Fig. 3), substructures and mechanical twins (Figs. 3 and 4)
ontribute to strengthening TiAl alloys, but lower the ductility. That
s why the alloy has relatively lower elongation (ı = 0.95%) at RT.
he existence of B2 grains in TiAl alloy is found detrimental to
oth RT ductility and high temperature strength [14]. However,
he tensile yield strength at 700 ◦C is 90 MPa  higher than that at
T, i.e. the tensile yield stress increases with increasing the tem-
erature. This is so-called “yield stress anomaly” (YSA). By now,
he generally accepted mechanism for “YSA” in intermetallic com-
ounds is the thermally activated cross-slip of dislocations and the
esulting dislocation locking (Kear-Wilsdorf locks) [25,26]. Gener-
lly, the two dominant slip systems for plastic deformation and
nomalous hardening in TiAl alloys are 〈1 1 0]{1 1 1} ordinary slip
nd 〈1 0 1]{1 1 1} superdislocation slip. Ordinary dislocations in
eformed �-TiAl are rarely observed at relatively low tempera-

ure, but they become more active with temperature increasing,
articularly above 700 K–1073 K [27,28]. Ordinary dislocations in
-TiAl frequently crosswise slip onto various non-primary slip
lanes, inducing the dislocation locking and anomalous yield stress.
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Fig. 6. Tensile properties of as-forged Ti–44Al–6V–3Nb–0.3Y alloy.
of (a) misorientation angle, (b) grain size.

Whereas the 〈1 0 1]{1 1 1} superdislocation slip more easily starts
at relatively moderate temperatures, due to its lower CRSS (Critical
Resolved Shear Stress) than that of ordinary dislocation slip. During
deformation, dissociation and pinning of the 〈1 0 1] superdisloca-
tion can take place to induce the dislocation dipole, also leading to
the anomalous yield strength in the YSA temperature domain.

By contrast, when testing temperature exceeds the YSA domain,
the crystal lattice will be softened and the dislocation locks can be
unlocked. Consequently, the YSA phenomenon disappears when
it is easier for dislocations to slip and the grain boundaries to
slide, due to the intense thermal activation effect with temperature
increasing. At 800 ◦C, for example, without the YSA phenomenon,
current TiAl alloy exhibits lower YS (410 MPa) and UTS (490 MPa)
than those obtained at RT and 700 ◦C. Meanwhile, note that in Fig. 6,
the tensile superplasticity is nearly achieved at 800 ◦C, with an elon-
gation (ı) of 95%, which can be mainly ascribed to the fine DRX
microstructures and the soft bcc B2 phase. In short, the anomalous
hardening (YS and UTS) and further normally softening of current
TiAl alloy are temperature dependent, which can be called “cross-
slip pinning and unzipping” process.

4. Conclusions

The main conclusions arising from this study of microstructures
and tensile properties of the can-forged Ti–44Al–6V–3Nb–0.3Y
alloy are as follows.

(1) The can-forged Ti–44Al–6V–3Nb–0.3Y (at.%) pancake exhibits
inhomogeneous microstructures, with plentiful residual lamel-
lar colonies existing in the edge and surface areas. The
nonuniform microstructures can be ascribed to the ununiform
plastic flow during forging, which is caused by temperature
drop and the friction between billet and outer pack, together
with the intrinsic anisotropy of lamellar colony.

(2) The deformation microstructure of current alloy is charac-
terized by dominant DRX � grains and 11.4% content of B2

grains, �2 phase only exists in refined lamellar colonies. The
grain size is between 1 �m and 8.5 �m.  Moreover, the DRX
microstructures feature mainly high angle boundaries, several
deformation substructures and twins are observed as well.
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3) Current forged alloy exhibits excellent high temperature tensile
strength and obvious yield stress anomaly (YSA), with an ulti-
mate tensile strength 680 MPa  and yield strength 620 MPa  at
RT, increasing to 850 MPa  and 750 MPa  at 700 ◦C, respectively.
The dislocation cross-slip pinning mechanism can be used to
account for the current anomalous hardening phenomenon.
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