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γ↔α2 Phase transformation in fractured high

temperature stress rupture Ti-48Al-2Nb(at.%)
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The γ ↔α2 phase transformation in fractured high temperature stress rupture
Ti-48Al-2Nb(at.%) alloy has been studied by analytical electron microscopy. α2 and γ
phases were found at grain boundaries. α2 layers that suspended in γ layers and interfacial
ledge higher than 2d(111)γ at γ /α2 interfaces were observed in the lamellar grains. These
facts indicated that γ ↔α2 phase transformation and dynamic recrystallization have
occurred during high temperature stress rupture deformation. It can be concluded that
deformation induced γ ↔α2 phase transformation and dynamic recrystallization resulted in
the presence of γ particles at grain boundaries. A structural and compositional transition
area between deformation-induced α2(or γ ) and its adjacently original γ (or α2) phases was
found by HREM and EDS and is suggested as a way to transform between γ and α2 phase
during high temperature stress rupture deformation. The transition area was formed by
slide of partial dislocations on close-packed planes and diffusion of atoms.
C© 2000 Kluwer Academic Publishers

1. Introduction
The Ti-Al intermetallics are potentially good high-
temperature structural materials, mainly due to their
high modulus retention , low density and oxidation re-
sistance at elevated temperatures [1]. The deformation
behavior and mechanisms at ambient temperature have
been extensively studied. Accompanying deformation
there are some deformation-induced phase transforma-
tions, includingγ→α2 and α2→ γ [2–4]. γ→α2
phase transformations have also been observed in hot-
forged Ti-Al-Nb(at.%) [5]. Recently, intensive inves-
tigations of creep behavior and mechanisms in Ti-Al
intermetallics have being conducted [6–12]. The creep
behavior of materials depends strongly on their mi-
crostructures, which can be optimized and designed
through the proper control of processing and alloying.
Thus some studies focussed on the effect of microstruc-
ture on creep properties and changes in microstructure
during creep [10, 11, 13, 14–16].

The present paper reports the investigation of mi-
crostructural changes andγ ↔α2 phase transforma-
tion observed in fractured high-temperature stress rup-
ture Ti-48Al-2Nb(at.%) duplex alloy by conventional
and high resolution techniques of transmission electron
microscopy.

2. Experimental procedure
A conventional tungsten-arc-melting technique was
employed to prepare the Ti-48Al-2Nb(at.%) alloy. Sub-
∗ Author to whom all correspondence should be addressed.

sequently, the material was heat treated according the
following schedules: (1) annealing at 1200◦C for 12 h
and then air cooling (2) annealing at 900◦C for 8 h and
then air cooling. The material was deformed at a tem-
perature of 800◦C under a stress of 250 MPa to failure
at 130 h. To investigate the microstructural changes of
the alloy during high temperature stress rupture defor-
mation, samples have been prepared as follows: slices
about 0.3 mm in thickness were cut, perpendicular to the
deformation axis, from the position adjacent to the fail-
ure section (here referred to as deformed sample) and
the fixed end of the fractured specimen (here referred
to as undeformed sample), respectively, as shown in
Fig. 1. The slices were mechanically ground and then
thinned by twin-jet polishing. The polished specimens
were then examined using a JEM-2010F field emission
analytical transmission electron microscope attached
with an EDS (Energy Dispersive Spectrometer Link
ISIS) system.

3. Experimental results and discussion
3.1. γ→α2 phase transformation and

dynamic recrystallization at grain
boundaries

Conventional TEM observations indicate that the TiAl
sample used in the present study shows a duplex mi-
crostructure. The undeformed sample in the present
study was taken from the fixed end of the fractured high
temperature stress rupture specimen, so the undeformed
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Figure 1 A schematic illustration of the specimens studied.

sample may be considered as a aged sample (at 800◦C
for 130 h). In the undeformed sample, noα2 and γ
particles precipitate at grain boundaries, as shown in
Fig. 2a. This implies thatγ ↔α2 phase transforma-
tion at grain boundaries didn’t occur with aging. Sig-
nificant microstructural difference of grain boundaries
has been detected in the deformed sample compared
with the undoformed sample (see Fig. 2b). The ex-
perimental results from the combination of SAD (se-
lected area diffraction) patterns and EDS confirmed that
the deformed sample containsα2 and γ particles at
the boundariesγe/γe, γe/L and γ particles appeared
at the grain boundaries L/L (γe: equiaxedγ grain, L:
lamellar grain). A summary ofα2 andγ phases precip-
itates at grain boundaries is given in Table I.

Considering the low stacking energy of binary TiAl
alloy [17, 18] and findings on dynamic recrystallization
in some TiAl alloy during creep [10, 15], the newγ par-
ticles at grain boundariesγe/γe, γe/L and L/L might
be attributed to dynamic recrystallization during high
temperature stress rupture deformation. According to
these facts that no occurrence ofγ→α2 phase trans-
formation with aging and the appearance ofα2 phase at
grain boundaries in the deformed alloy, it can be confirm
that deformation inducedγ→α2 phase transformation
at grain boundaries in Ti-48Al-2Nb(at.%) alloy during
high temperature stress rupture deformation.

To understand how deformation-inducedγ→α2
phase transformation takes place, HREM observation

Figure 2 Morphology of grain boundaries in Ti-48Al-2Nb(at.%) alloys. (a) undeformed, (b) high temperature stress rupture fractured.α2 andγ
phases were found at grain boundaries in the deformed alloy.

TABLE I Summary of deformation-inducedα2 andγ phase at grain
boundaries

composition of deformation-induced
phases at grain boundaries(at.%)

α2 γtype of a grain boundary
and deformation-induced
phases at grain boundaries Ti Al Nb Ti Al Nb

65.68 32.47 1.85 49.40 48.09 2.51

60.79 37.34 1.87 48.74 49.18 2.08

- - - 49.06 48.44 2.50

and microanalysis of composition are performed. One
of the examples shows in Figs. 3–5. The upper left cor-
ner of Fig. 3a shows a morphology of a deformation-
inducedα2 precipitate at theγe/L boundary. Es denotes
one side of theα2 precipitate, close to the equiaxedγe
grain. The other side of theα2 precipitate adjacent to
theγ layer in a lamella, is marked as Ls. HREM im-
ages of the sides Ls and Es of the α2 phase, viewed
along the [1120]α2 direction, are shown in Fig. 3 and
Fig. 5, respectively. The HREM image of the side Ls
(see Fig. 3a) shows that there existed a transition layer
(marked as T) between the perfectα2 precipitate and
γ layer in the lamella. The structure of the transition
layer T is different from perfectα2 or γ phases. The
HREM image (Fig. 5) of the side Es, on the other hand,
shows no transition layer such as layer T between the
α2 precipitate andγ equiaxed grain. The thickness of
layer T in Fig. 3a is about 5 nm. Figs. 3b and 3c are en-
largements of layer T. Layer T consists of two types of
areas (marked P and F, respectively) revealing different
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Figure 3 HREM images of the Ls side of theα2 phase (a) showing the
transition layer T between perfectα2 andγ phases, viewed along the
[1120]α2 direction. An image of theα2 phase at a grain boundaryγe/L is
shown in the upper left corner. (b) and (c) enlargements of the transition
layer T in Fig. 2a presenting a stacking-fault-like structure.

Figure 4 A schematic diagram showing the stacking-fault-like structure
in the transition layer T in Fig. 3.

HREM images under the same defocus conditions and
thickness. The HREM images of the P areas in Figs. 3b
and 3c show the structure of a perfectα2 phase. Further
examination of the HREM images of areas F in Figs. 3b
and 3c reveals an abc stacking sequence ofγ phase
with stacking faults every 4, 5 or 6 atomic planes, as

Figure 5 HREM image of the side Es of theα2 precipitate (shown at
upper left in Fig. 3a). No transition layer is found between perfectα2

precipitate and the equiaxedγe grain.

shown schematically in Fig. 4 (a, b and c are close-
packed planes). Therefore the layer T may be consid-
ered as the result of the slide of partial dislocations on
close-packed planes. Consequently, abab stacking se-
quences ofα2 phase was obtained near those stacking
fault planes. Slide of partial dislocations went on in
the regions with abc stacking sequences in the layer T
during deformation, the stacking structure ofα2 phase
might be ultimately formed. It can be also seen from
Figs 3b and 3c that the atomic planes next to the stack-
ing fault planes exhibit a misorientation angle of about
2◦ with the (0001)α2 plane. These atomic planes con-
tribute the diffraction spots indicated by white arrows
in the diffraction pattern at the upper right corner of
Fig. 3a.

EDS spectra were acquired from side Es, the areas F
of side Ls, andγ grain adjacent to sides Es and Ls. An
electron beam with a 1.6 nm diameter was used. The
results of microanalysis of these areas were listed in
Table II. It is clearly seen from the Table II that the com-
position of area F is different from that of theα2 precip-
itate andγe grain. The result of microanalysis demon-
strates that atoms were diffusing to generate the correct
composition and ordering ofα2 phase along with slide
of partial dislocations on close–packed planes.

3.2. γ ↔α2 phase transformation in
lamellar grains

As can be seen in Fig. 6, the microstructure of lamel-
lar grains in the deformed sample is significantly

TABLE I I The composition of the sides Es and Ls of theα2 particle,
α2 andγ phase

Ti (at.%) Al (at.%) Nb (at.%)

Area F on the
side Ls 54.97 42.30 2.73
side Es 63.52 33.79 2.69

γe grain 48.07 48.97 2.96
α2 precipitate 63.35 33.78 2.87
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Figure 6 Lamellar structure withα2 andγ layers in Ti-48Al-2Nb(at.%)
alloys. (a) undeformed, (b) high temperature stress rupture fractured.
(c) An enlargement ofα2 ledges indicated by white arrows in Fig. 6b.

different from that observed in the undeformed sample.
Similar to results reported previously in Ti-Al inter-
metallics [19], manyα2 layers (designated with black
arrows in Fig. 6) suspended in widerγ layers and higher
ledges atα2/γ interfaces (indicated by white arrows in
Fig. 6) were observed. These changes of morphology
in lamellar grains illustrate thatγ ↔α2 phase trans-
formation also occurred in lamellar grains during high
temperature stress rupture deformation. Based on the
same analysis asγ→α2 phase transformation at grain
boundaries, it can thought that deformation resulted in
γ ↔α2 phase transformation in lamellar grains.

Figure 7 HREM image of the tip of anα2 layer suspended in aγ layer: the image was viewed along the [110]γ //[1120]α2 direction. The HREM
image shows a transition area (marked S) with the stacking sequence. . . ab′cbc′b. . . that is the same as that attributed to the Ti2Al phase.

TABLE I I I The composition of the tip of aα2 layer and the adjacent
α2 andγ layers

Ti (at.%) Al (at.%) Nb (at.%)

The tip of aα2 layer 52.01 45.50 2.49
Adjacentγ layer 48.91 48.67 2.42
Adjacentα2 layer 63.08 34.68 2.24

Fig. 7 shows the HREM image of the tip of aα2
layer suspended in aγ lamella. It can be seen clearly in
Fig. 7 that the HREM image of the small transition area
(marked as S) at the tip of theα2 lamella is very much
different from the adjacentγ andα2. The stacking se-
quence of the area S is. . . ab′cbc′b. . ., which is similar
to or identical to that of Ti2Al phase in Al-rich TiAl al-
loy reported previously [20–22]. The length of the area
S along theα2 layer is about 12 nm. It is also noted that
due to the area S is really small thus the SAD pattern
(shown at the upper right corner in Fig. 7), taken from
the region including the area S,α2 andγ phase, shows
no other spots except those forα2 andγ phases. This
may be the reason why the transition area S has not been
reported up to now. Table III presents the composition
of area S, and theα2 andγ phases close to area S. The
diameter of the electron beam used was 1.6 nm. The
composition of area S corresponds to area F in Fig. 3c.
The ratio of Ti to Al in the area S is higher than that
of γ phase and lower than that ofα2 phase. Similar to
the discussion ofγ→α2 phase transformation at grain
boundaries, it is suggested thatγ ↔α2 phase transfor-
mation in lamellar grains was finally accomplished by
forming the transition area S and atomic diffusion. The
transition area S was formed by slide of partial dislo-
cations on close-packed planes and atomic diffusion.

4. Conclusions
(1) Deformation inducedγ→α2 phase transformation
at grain boundaries andγ ↔α2 phase transformation
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in lamellar grains during high temperature stress rup-
ture deformation.γ ↔α2 phase transformation at grain
boundaries didn’t be found with aging.

(2) Dynamic recyrstallization took place and resulted
in the presence of smallγ phases at grain boundaries
during high temperature stress rupture deformation.

(3) There exists a transition area between
deformation-inducedγ or α2 precipitates and original
α2 or γ phases. The stacking sequence and composi-
tion of the transition area is different from that ofγ and
α2 phases. The ratio of Ti to Al is higher than that of
γ phase and lower than that ofα2 phase. The transi-
tion area was formed by slide of partial dislocations on
close-packed planes and atomic diffusion.

(4) γ ↔α2 phase transformation was finally accom-
plished by forming the transition area and atomic dif-
fusion during high temperature stress rupture defor-
mation.
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