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ABSTRACT Strain induced structure transition ( SIST) during hot deformation in TiAl alloy was investi-

gated by higlr resolution transmission electron microscopy( TEM) . Various norr equilibrium asymmetrical twin

boundaries with a large number of ledges were found. Special non- equilibrium tilt and asymmetrical ¥/ a inter-

faces were also illustrated. The normal crystal relation between Vand a can be changed. The 1/3[ 111] Frank

partial dislocations often appear at these non-equilibrium interfaces. It was also reported that the strain induced

=
phase transitions, including Y

— — . .
a a Yand ¥ = 9R structure, commonly occur during hot deformation;

the strain induced phase transitions are closely related to interface structure. The dislocation reactions and

mechanisms for SIST were discussed.
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1 INTRODUCTION

Now it is becoming apparent that the me
chanical properties of two-phase ¥TiAl alloy de
pend strongly on the optimization of the designed
microstructures which can be produced by con-
trolled processing and appropriate alloying''!.
Recently, development of microstructures by ap-
propriate thermo-mechanical treatment ( TMT
and TMP etc.) is under intensive investigation
so as to develop balanced improvements of the

1 . _
T A microstructure consisting of re

properties
fined grain and controlled full lamellar( FL) is of-
ten required for a halanced improvement in duc
tility, toughness and strength. Nevertheless,
the interfacial structures and lamellar structure
can also be changed significantly due to heavy
deformation and simultaneous recovery or recrys-
tallization during thermo-mechanical processing.

[2-

. . 4 .
Our publications'*™ ¥ showed the evidences for a

verity of hot deformation induced nomequilibri-
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um twin boundaries and special ¥/ d interfaces in
two-phase ¥TiAl alloy. The contribution of
these nomrequilibrium interfaces to the mechanr
cal properties must be considered. The nomequr
liblium interfaces mean that the structure of
these interfaces are deviated from the normal
structures of the twin boundaries and the ¥/ ain-
terfaces in annealed two-phase ¥TiAl alloys.
Strain induced ordered-structure transition
is an important phenomenon in ordered alloys.
Recently it was reported the strain induced dis
ordering and creep enhanced reordering even fur-
ther transiting the ordered structure from B> to

D03 in FesAl alloys'”!. In TiAl, a few publica

tions! ™ "l showed the ordered structure transi
tions during deformation, such as ¥ - a o Ty
and Y 9R long period structure. Our recent
work indicated that all these strain induced phase
transitions are common during hot deformation

3, 12— 14]

of twophase TiAl alloys'™ M eanw hile

our work indicated that the twinning deforma
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tion at various { 111} planes become more easy to
take place during hot deformation. The structure
at the intersection bhetween twins of different
{111} planes is complicate. The ordered struc
ture can be significantly changed near these in-
tersections.

All these microstructure changes occurred
during thermomechanical processing will give a
significant effect on the deformation bhehavior
and mechanical properties of TiAl alloy. Funda
mentally, we are just beginning to sufficiently
understand the essential aspects of these impor-
tant microstructure changes. This paper will
briefly introduce these structure transitions dur-
ing hot deformation in a two phase TiAl alloy.
Possible mechanisms of these structure transr
tions are also discussed.

This paper leads to note the strain induced
structure transition ( SIST) of a duakphase TiAl
alloy, including the structure changes in nomre
quilibrium o/ ¥ interfacial boundaries and twin
structures, and more fine phase constituents.
TiAl

changes in ordered atomic distribution should be

For multr components alloys the
considered. For example, our research has indir
cated that Nb in TiAl randomly occupies the
sublattice of T1 when the Nb content is lower,
but appears a tendency of ordering distribution as

. 18
the Nb content increases ' .

2 EXPERIMENTAL

The alloy investigated was two phase TiAl
alloy having 45% Ti, 45% Al and 10% Nb
( mole fraction) . It was prepared from high purr
ty Ti(99.9%), Al (99.9%) and Nbh(99. 9%)
by non-consumable electrode arc-melting in a pu-
rified argon atmosphere. The ingot was remelted
four times to ensure a complete mixing for the
consitituents. The thermomechanical treatment
is a quasrisothermakforged processing. The as
cast ingot (300g) was wrapped in a steel foil and
heated to 1 350 C for 30 min and then quasr
isothermally forged. The temperature of forge
hammer was 1050 C. The strain rate was about
5x 100" s°!'. The deformation strain was
greater than 40% . The forged ingot was cooled
to room temperature in air.

For the HREM studies, slices about 0. 2
mm in thickness were cut from the sample. The
slices were mechanically ground to less than 0. 1
mm in thickness and then thinned by twin jet
polishing ( using an electrolyte of 300 ml
methoanol+ 175 ml butanol+ 30 ml perchloric
acid) and/or ionmilling. HRTEM was per
formed in a JEOI-2000EX II electron micro-
scope operating at 200 kV with a spherical aber-
ration coefficient of 0. 7 mm. Interfaces in the
samples were examined in either {110] or {101]
orientations with the a/ Y interfaces edge on.

3 RESULTS AND DISCUSSION

3.1 Nomr equilibrium twin boundaries and spe-

cial Y/ a interfaces

Fig. 1(a) shows an asymmetrical or partial
ly coherent twin boundary with high density of
ledges that are one or two atomic planes in
height. The mean ledge spacing is only 3. 6 nm.
Such high density of ledges makes the twin
boundary plane to rotate off the symmetry plane
for 0. 5~ 2°, resulting in the formation of par
tially coherent twin boundary. The dark contrast
in front of the ledges reveals that high stresses
exist at the ledges. Fig. 1(b) shows an asym-
metrical Yy/ ¥p pseudo-twin interface with a
large number of ledges. The ¥TiAl has a te
tragonal L 1o structure, and all the {110} direc
tions are not equivalent. Therefore the orienta
tion relationships between twins will give to six
possible orientation variants. The symbols ¥,
Yg, Y¢, Yp, Y¥g and Yp are used to distinguish
the six Y variants with [ 110], [ 110], [ 101],
[ 101], [OI1], [O11] orientation respectively.
The pseudo-twin bhoundary under equilibrium

2

condition is not completely coherent due to the
existence of crystal misfit between ¥4 and Yp.
However, the density of ledge of this equilibrium
pseudotwin boundary is much less than that of
the asymmetrical pseudo-twin boundary. Fig. 2
is a typical nomequilibrium semrcoherent ¥/ a
interphase boundaries. This boundary between
ledges still keep atomically flat and structurally
coherent, but the density of the ledges in these
ay/ ¥ interfaces is much higher than that in an-

nealing alloys. The height of ledges always apr
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Fig. 1

proaches to the height of two (0001) ¢ planes.

The dark contrast in front of the ledges reveals
that high stresses exist at the ledges. The mean
ledge spacing is less than 10 nm, which is much
smaller than the ledge spacing of annealed alloys.
Fig. 3 shows an interesting special ¥/ a inter
faces. In the two phase TiAl alloys, the orienta
tion relations between neighboring > TizAl and

¥TiAl lamellae are well defined as (0001) o I
{111} yand <1120>OL2 II' <1107 y with the interface
plane (0001)  or (111) . However, Fig.3(a),

(b) and (c¢) show the special ¥/ ainterfaces that
deviate from the normal crystal relation between

Norr equilibrium interfacial structure of TiAl

¥/ a phases. The orientation relation of (101),
I {1120 >a2 between da, and Y remains un-

changed, but the (111) y is not parallel to the
(0001) o, plane. The deviation angles between

(0001) ¢ and {111} y are 2. 5, 8 and 18. 5 re

spectively. The deviation angle has a significant
influence on the interfacial structure. The larger
the deviation angle is, the higher the ledge den-
sity is. The ledge spacing are 4.6, 1.8 and 1.0
nm for the deviation anlge of 2.5°, 8 and 18. 5
when the
tion angle reaches 18.5°, the crystal relation

respectively.  In  fact, devia

between Y and a, phases has been changed to
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Fig.2 Norrequilibrium semi coherent Y/ a, interphase boundaries

[101] I [ 1120]  and (111) v il (1100) . The

interphase plane is not flat with high density of
ledges, but is roughly parallel to (0001) o plane

and inclines to (111) y. A large lattice mismatch
of 20% between d 100 O[2(: 0. 288 nm) and
drinyv(= 0.231 nm) can be accommodated by
both high density of ledges and the special dislo-
cation structure of interfaces. The dislocation
structure of these ledges always contains
1/3[ 111] Frank partial dislocation that will be
discussed next paragraph.

During thermodynamically-processing the
moving dislocations in the Y lamellae may react
with twin boundaries and a,/ Y interfaces, and/
or can be ahsorbed by these interfaces, which re-
sults in the formation of normequilibrium twin
boundary and special ay/ V¥ interfaces. Since the
twin’ s crystal relation must be kept, the main
type of the norrequilibrium twin boundary is an
asymmetrical twin boundary. However, since
the deformation ability between Y and ao lamellar
is different the deformation occurs mainly in Y
lamellae may leads to rotate the Y lattice. There
fore, the normal crystal relation hetween a and
¥ should be changed, resulting in the formation
of both tilted and asymmetrical a»/ Y interfaces.

This fact means that the a,/ Y interface is a more
effective dislocation sink than the twin bound-
ary.

3.2 Formation of 1/3[ 111] Frank partial dis-
locaitons at ledges

To follow the analysis procedures for draw-
ing the Burgers circuits described by Howe et
al’ ™!, the characteristics of ledge dislocations in
normal ledges can be determined to be 90° or 30°
Shockley dislocation ledges. The Burgers vector
of the 90° Shockley partial dislocation lies per
pendicular to the [ 110] electron beam direction
with 1/6[ 112], whereas for the 30° Shockley
partial dislocation the Burgers vector lies at an
angle of 307 to the electron beam and is either
1/6[211] or 1/6[ 121]. The unique characteris-
tics of these hot deformation induced ledges,
however, is the formation of 1/3[ 111] Frank
partial dislocations. Fig. 4 is a typical example in
which the 1/3[ 111] Frank partial dislocations
are combined with Shockley partial dislocations.
The ledge C in Fig. 4 can be determined as 90°
Shockley dislocation+ 1/3[ 111] Frank partial
dislocation.  The ledge D is a 30
Shockley dislocation+ 1/3[ 111] Frank partial
dislocation. The formation of these 1/3 [ 111]
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Fig. 3 Special Y/ a, interfaces that deviate from the normal

crystal relation between Y/ a, phases
at different tilt angles between (0001) o, and {111}
(a) —25°; (b) —8"; (o) —18&°
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Fig. 4 HREM images of nomr equilibrium Y/ a, interfaces with
1/3[ 111] Frank partial dislocation

(a) —Ledge C-90° Shockley dislocation+ 1/3[ 111] Frank partial dislocation;

(b) —Ledge D-30" Shockley dislocation+ 1/3[ 111] Frank partial dislocation

Frank partial dislocations can also be considered
as the results of introducing an extra half atomic
plane (111) shown in Fig. 5. Both the special
ay/ ¥ interfaces and non-equilibrium pseudo-twin
boundary always contain the 1/3[ 111] Frank
partial dislocations. These ledges are difficult to
move at low temperatures, but at high tempera
tures the Frank partial dislocations may climb
away from ledges.

A large number of glides in Y phase may
lead to a tilt of ¥ lattice which must be accom-
modated by the formation of interfacial disloca
tions near the 0o/ Y interface. The formation of
1/3[ 111] Frank partial dislocations exemplifies
such important effect which effectively accom-

modates the tilt of (111) v against (0001) ¢,. In

addition, the moving dislocations in the Y lamel-
lae may slip to the a/ Y interface and twin
boundaries, and react with interfacial disloca
tions resulting in the absorption of the moving
dislocations. These effects of dislocation traps of

interfaces cause the change of interfacial struc
ture, which leads to rotate off the symmetrical
twin plane or the normal crystallographical rela-

tion of ay/ ¥, <1017y I {11207 and (111) y/
(0001) q,, resulting in the formation of semt co-

herent @/ Y interphase boundaries. The larger
the deviation angle between Y and ais, the more
the 1/3[ 111] Frank partial dislocations occur,
and the more the moving dislocations absorb.
TiAl with L1o structure only can be
twinned by the {111} {112] twinning mode,
otherwise L 1o structure no longer preserved.
Therefore, the twinning dislocations are 1/6
[ 112]

known that the possible moving dislocations dur-

Shockley dislocations, which is well

ing high temperature deformation are 1/2[ 110],
[O11] and 1/2[ 112]. Therefore, the moving
dislocations may dissociate at interfaces by fol-
lowing reactions:
1/2[112] ~ 1/6[ 112]+ SISF+ 1/6[ 112] +
SISF+ 1/6[ 112] (1)
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Fig. 5 Schematic diagram of 1/3[ 111] Frank partial dislocation at ledge

1/2[011] ~ 1/6[ 121]+ SISF+ 1/6[ 112]
_ (2
1/2[110] ~ 1/3[ 111]+ SISF+ 1/6[ 112] (3)
These dissociated dislocations can be ab-
sorbed by the interfaces, resulting in the forma
tion of the ledges and/or 1/3[ 111] Frank partial
dislocations. It is important to note that there is
another way to form 1/3[ 111] Frank partial dis-
locations. The moving 1/2[ 110] dislocation re-
acts with 1/6<112» Shockley partial dislocations
at the interface as following:
1/2[110]+ 1/6[112] ~ 1/3[ 111] (4)
The formation of ledges and 1/3[ 111]
Frank partials at twin boundaries or a/ Y inter
faces is schematically described in Fig. 6. During
hot deformation, the 1/3[ 111] Frank partial
dislocations can move away from the ledges by
climb, and react with another 1/6{112> Shock-
ley partial dislocation at the opposite interfaces as
follow ing: _
1/3[ 1111+ 1/6[ 112] ~ 1/2[110] (5)
T his reaction results in an ordinary disloca
tion 1/2[ 110]. This may lead 1/2[ 110] gliding
across the lamellae with a change of the interfa
cial structure (Fig. 6). Since burgers vectors of
1/3[ 111] and 1/6[ 112] in the reactions ( 3) and
(5) are orthogonal and therefore the reaction re-
sults in neither increase nor decrease in the ener-
gy of the 1/2[ 110] dislocation, the driving force
for the reactions (3) or (5) is thought to be o-
riginated from the release of the strain energy
near the boundaries.

3.3 Strain induced 9R structure
Fig. 7(a) shows a 9R structure at a pseudo

twin Yp/ ¥4 boundary. The 9R structure locates
at the end of the pseudo-twin boundary which
can be imaged as a multiple height ledges. Fig.7
(b) shows a lamellar structure composed of four
Y variants and 9R structure. On the bottom of
the figure, three Y variants Y/ ¥p/ ¥¢ is in true
twin relationship. On the upside of the figure,
three Y variants Yg/ ¥4/ ¥p is also in true twin
relationship. At the middle of the figure, there
are two 120™rotation type boundaries Y,/ Y¢ and
Yg/ ¥Yp. Two 9R structures are formed in be
tween of Yg/ ¥¢ pseudo-twin. The 9R structure
seems to locate at the multiple height ledges of
the 9R

structure was always found to be formed at the

the pseudo-twin boundary. In sum,
multiple height ledges of either twin or pseudo
twin boundary, and parallel to the primary twin
plane.

The 9R structure can be considered to con-
sist of a periodic array of hexagonal stacking
faults on every third close-packed plane in a per-
fect FCC stacking sequence. The stacking se
quence is ABC/BCA/ CAB. Fig. 8 is the magnr
fied photo of the 9R structure in Fig. 7(b). Fig.
9 shows the selected area electron diffraction pat-
tern( SADP). According to SADP, the orienta
tion relationship between the 9R structure and
¥TiAl matrix can be determined as following:

[010] g Il [ 101] v, (00L)og Il (111)

The 9R structure is an orthorhombic structure.
Based upon the lattice parameter ratio given by
Nishiyama and Kajiwara "' for a perfect 9R
structure, a:. b: ¢c= 1.732. 1. 7. 348, the

unit cell parameters for the 9R structure are

a= (l(()()]): (J 6/2) ay= 4. 9OA
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Fig. 6 Schematic diagram of formation of ledges at interfaces
(a), (b) —With 1/3[ 111] Frank partial dislocation; (¢), (d) —Without 1/3[ 111] partial dislocation
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Fig. 7 HREM images of 9R structure
(a) —Pseudo twin boundary; (b) —Twin boundary
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Fig. 8 Magnified photo of 9R structure in Fig. 7(b)
(a) (b)  (111), (100)eg (020),
(111),

(000) (003)sg
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Fig. 9 Selected area diffraction pattern (SADP) of 9R structure

b= d(01o): d(lOl) = 2.82A

c= doooyy= 9d 111y v= 20. 8A

Fig. 10 illustrates the atomic structure of
the end of the twin boundary which can be im-
aged as a multiple height ledges of a norrcoher-
ent twin boundary viewed along a [ 101]y/
[ 101] 7 direction. Following the analysis proce-
dure of the Read circuit construction for the de
termination of the Burgers vectors of the grain
boundary dislocations''”, the interfacial disloca
tion for an ideal case is 1/6[ 112] Shockely par
tial dislocations. The spacing D between the in-
terfacial Shockley partial dislocations is three
(111) y atomic planes, which meets the require-
ment for the formation of stacking faults every

Therefore, the 9R
structure can be produced. For normal case the
interfacial dislocations contain 1/3{111] Frank
partial dislocations. This may lead to form addr
tional stacking faults randomly distributed on the
close-packed planes of 9R structure.

third close packed planes.

3.4 Strain induced Y~ a; phase transition
Fig. 11(a) shows a lamellar structure com-
posed of Yo/ Yp/ s, where the Yp/ a, interface is
a deviating semrcoherent @/ VY interfaces with
deviation angle 8 of 2. 5°. Above this interface, a
thin deformatiominduced ay plate ( here refered
to as DI az) with about 25 nm long and 2. 5 nm
thick forms in the ¥p lamellae, meanwhile the Y
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Fig. 10 Schematic diagram of atomic
structure of a mutiple height

ledge of a noir coherent twin boundary
(viewed along a [ 101]y/[ 101] 7 direction)

lamellae between the a, lamellae and the DF a»

plate changes from Yp to Yg. Fig. 11(b) is a
magnified photo of the region containing DI a5.
Both the orientation relation between Yz and a»
and the orientation relation between Yz and DI-

v I [ 11204, and
o- A deviating angle 6 of ~ 2. 5°

ay are nearly exact [ 110]
(111) +/(0001)

appears between the ( 111)y plane and the

(0001) DI- ay. A similar deviating angle between
(111) Y, and (111) ¥ planes also appears. The
1/3[ 111] Frank partial dislocations are ohserved
at both the Yp/DI- ay interface and the Yp/ ¥z
boundary. Fig. 12 shows a welFgrown DF a,
plate near the deviating semt coherent a/ Yp in-
terface. It is about 5nm thick and as long as the
whole image. Also the Y phase between the a,
lamellae and the DI- ay plate changes from ¥p to
¥p, and it is divided into many blocks by stack-
ing faults of (111) planes which are either asso-
ciated with a ledge at Yp/ DI- a, interface or sus
pended in the Yz phase. The above observations
show that the basic aspects of the formation of
the DI a, plate include following points:

(1) The formation of DI a, always starts
from the semt coherent ay/ Yp interface( the devi
ation angle is about 2. 5°).

Fig. 11

-y . . d
(a) —Strain induced v

HREM images of SIST

a phase transition at a semT coherent a,/ ¥ interfaces with deviation angle 8 of 2. 5°;

(b) —A magnification of region containing DI a,
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Fig. 12 A well-grown DF a, plate near

deviating semi coherent a,/ Y interface

(2) The interfacial dislocation always con-
tains a 30° Shockley dislocation + 1/3[ 111]
Frank partial dislocation. The Burgers vector of
30° Shockley partial dislocation is inclined at an
angle of 30° to the electron beam, and it is either
1/6[211] or 1/6] 121].

(3) The formation of DF a, always accom-
panies the change of the Yvariants, usually from
Yp to Yp. Sometimes many stacking faults divide
Y variant into many blocks.

During thermo-mechanical deformation, the
interfacial dislocations of semrcoherent ay/ Y in-
terfaces which are a kind of superdislocations of
1/2[ 011] are emitted, and slip on the (111)
plane. Such a dislocation movement makes the ¥
variant change from Yp to Yg. After a short dis
tance movement of this superdislocation, it may

be separated into 1/3[ 111]+ 1/6[ 211] partial

dislocations because the (111) plane is not a pri-
mary slip plane and the movement of 1/2[ 011]
dislocation on the (111) plane needs the rear
rangement of the atoms. The 1/3[ 111] Frank
partial dislocation can react with a common dis-
location 1/2[ 1 10] on (111) plane and results in
a 1/6[112] Shockley partial dislocation on
(111) primary slip plane. The slip of this
1/6[ 1 12] Shockley partial dislocation on every
other ( 111) plane leads to formation of the
DF az phase.

3.5 Strain induced a, ¥ phase transition

Fig. 13(a) shows a a, lamellae that is sepa
rated into two parts by a deformation induced
¥(DI-Y) plate. This DI ¥ phase plate is formed
at the deviating semrcoherent 0/ ¥p interface
and penetrate into the a, phase. The orientation
relation between the a, and the DI- ¥ plate is ex-
actly [ 1120] o Il [ 111] yand (0001) o I (111) ».
The (111) plane of Yp and the (111) plane of
DF ¥ have an ~ 2.5 angle. Fig. 13(b) shows
the © head” part of the DI ¥ plate. Very high
stress exists at this area so that it is very difficult
to obtain a distinct HREM image. At the * head’
of the DI- ¥ plate, it can also be seen that the
~ DI-Y transition is accomplished by the travel
of a/3 {1010) Shockley partials on alternate
basal plane (0001)q,.

The interfacial dislocations not only exist in
Y phase but also in a phase. The interfacial dis-
locations in @y phase for a deviating semr coher-
ent o/ Yp interface is mainly the a/6{1120).
During deformation, the a/6<1120) partials can
be emitted from the interface and undergo a dis-
sociation as follow ing "1

a/6{1120) " a/6{1010)+

(APB+ SISF) + a/6<1010

The reaction occurs on every other a, basal
plane. Then a/6<1010) Shockley partials move
in coordination into the a, phase on the a, basal
planes, resulting in the structure change of a; to

FCC. The stacking sequence of (0001) q, planes

ABAB ...... is altered to that of ( 111)pcc
ABCABC ...... The nucleation of the DI Y plate

also can not be from a, / Y interface. In this
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Fig. 13 HERM images showing DF Y
in a, and Y TiAl
(a) —A DI ¥ plate in q, phase;
(b) —Head part of DI ¥ plate

case, the stacking fault plays an important role
for nucleation and growth of DI ¥ plate.

4 CONCLUSIONS

The various strain induced phase transitions
are closely related to the interface structure. The
structure of ledges of interfaces is the most im-
portant factor.

The structure change during deformation
for ordered alloys significantly influence the de
formation behavior and mechanical properties.

Basically, the dislocation emitting at crack tip is
not the main factor to control the brittleness of
normal intermetallic alloy systems, and the diffi
culty of dislocation movement often plays an im-
portant role in lowering the ductility. The strain
induced structure transition is a significant aspect
to understand the difficulty of dislocation move-
ment.
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