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Microstructural Characteristics of Ti-48Al-2Cr Alloy
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The microstructural characteristics of two-phase a, + vy titanium aluminide before and after deformation
areinvestigated by transmission electron microscopy (TEM). The orientation relationships associated with
the y-y combinations can be divided into three types: true twin, order domain, and pseudo-twin. Of the
three orientation relationships, true twin accounts for more than 50%, which is most likely due to a
minimization of interfacial energy related to misfit and interaction energy of interface atoms. During
deformation, lamellar boundaries cause different resistance to the propagation of inter secting twin. Experi-
mental observations and theoretical analysis consistently show that the resistance has the following

sequence: Fip < Fige < Feer < Fagyy.
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1. Introduction

The lamellar structure of TisAl + TiAl two-phase aloys
has been studied since 1970.14 Inthe past decade, particularly,
there has been an enormous increase in the research develop-
ment activity on TiAl-based compounds as potentia light-
weight high-temperature structural materials.>=" It is indeed
well known that there exist a great many microstructures
which result from numerous transformation modes occurring
during various heat treatments and that the mechanical proper-
ties are strongly affected by the microstructure. Recently,
Zghal et al. performed a quantitative transmission electron
microscopy (TEM) analysis of the lamellar microstructurein
TiAl-based alloysthrough conventional diffraction analysisin
the dark-field mode.[® The statistical result of the orientation
relationships associated with the -y combinations is attrib-
uted to a minimization of the elastic energy of the interfaces.
This paper presents a thorough examination of the lamellar
structure for the present alloy using microdiffraction analysis
in order to come to a good understanding of the lamellar
structure.

The plastic deformation of titanium auminide alloys
exhibits characteristics typical of deformation behavior of
other intermetallic compounds. Twinning especially has often
been observed to occur in multiple 1/6¢112){ 111} systems
with nonparallel shear vectors, leading to extensive intersec-
tions among twin bands.[®-*3 Twin intersections areimportant
since they represent a potential locking mechanism that
reduces the propagation of twinning dislocations. The knowl-
edge of the resistance of lamellar boundaries to the inter-
secting twin is important in understanding the deformation
behavior of the lamellar structure. Therefore, the deformation
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twin intersection was also examined in this paper to investi-
gate the resistance of lamellar boundaries.

2. Experimental

2.1 Crystallography of Twin Related to y-y Laths

There are three possible orientation relationships between
different y variants, i.e., 180° rotation twin (true twin), 120°
rotational domain, and 60° rotation twin (pseudotwin). For the
180° rotation twin, the [110] direction of the twin domain is
rotated by 180° with respect to the [110] direction of the matrix
domain on the (111) plane and the stacking sequence of the
(111) planeis reversed across the domain boundary. It isin the
same casefor the 120° or 60° rotation. Figure 1(a) to (d) describe
the three orientation relationships in the (111) plane of the
matrix or twin. The [110] direction of the matrix (Fig. 1a) is
rotated by 180°, 120°, and 60° along the normal of the (111)
plane, resulting in the three cases described in Fig. 1(b) to
(d), respectively. Obviously, there exist the following three
orientation relationships among different domains. (Note: any
vector expressed in the coordinates associated with the parent
matrix or the twin will be written with an M or a T sub-
script, respectively.)

For 180° rotation twin (true twin):
[110]y,//[110]
[011]y,//[011]¢
[101],,//[101]¢
(11 /1(112)+

For 120° rotational domain:
[110]y,//[101] ¢
[011]y,//[110]1
[101]\ //[011] 1
(111)y, //(112)r
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Fig. 1 Schematic representation of 180°, 120°, and 60° rotation twin
relationships. The plane (111) is parallel to the paper plane. The [110]
direction of the matrix (a) is rotated by 180°, 120°, and 60° along the
normal of the (111) plane resulting in the three cases (b) to (d) of the
twin crystalline, respectively

For 60° rotation twin (pseudotwin):

[110] //[017]
[011]//[101] 1
[101],,//[110]¢
(111) //(112);

The orientations of different lamellae were determined
through conventional diffraction analysis. Experimental diffi-
culties of this work arise from the fact that examinations
sometimes have to be performed on very thin lamellae. In
such a case, the habit plane has to be kept edge-on and the
beam direction parallel with the (110) orientation of either
twinned part. Meanwhile, the microdiffraction technique was
used to differentiate the three twin relationships. Unfortu-
nately, when the beam was located in the twin boundary zone,
theresultant selected areaelectron diffraction (SAED) pattern
was blurred and it was difficult to judge the types of possible
twin relationships. There was no other selection but to obtain
the SAED pattern of either plate of the twinned crystalline
and then judge the possible twin relationships according to
the method described in the following. The microdiffraction
patterns of various orientations of single plate are shown in
Fig. 2.

The experimental procedure to distinguish the three twin
relationships is as follows:

» For the120° rotational domains, the SAED patternsalong
the three zone axes described above are very interesting.
There exists apparently only one set of SAED patterns
from the matrix or twin because the {111}, {110}, and
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Fig.2 Microdiffraction patterns: (a) [110] or [110] and (b) [101],
[101], [011], or [011]

{100} planes in the matrix are parallel to those in the
twin.
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Fig. 3 (a) SAED pattern along the [ﬁO]M//[i_:LO]T orientation of true twin, (b) its schematic representation, and (c) indexed schematic diagram
of the SAED pattern (solid circles stand for [110] zone and common spots, and open circles stand for [110] zone spots)

*  The SAED pattern of the [1:_L9] zone axis is distinguished (Fig. 4), because there are two sets of superlattice spots
from those along [011] or [101] in its appearance of super- and one set of superlattice spots, respectively.
lattice spots, as shown in Fig. 2(a), and (b). It is easy for * The SAED pattern of the [011]//[011]; zone axis for
usto find the[110],,//[110]+ zone axisfor truetwin (Fig. 3) true twin is similar with that of the [011],,//[101]+ zone
and the [110]//[011]+ (or [101],,//[110]+) for pseudotwin axisfor pseudotwin (Fig. 5). After rotating by 60° along
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Fig.4 (a) SAED pattern along the [110],//[011] orientation of pseudotwin (similar case is the [101]//[110]; orientation of pseudo-twin), (b)
its schematic representation, and (c) indexed schematic diagram of the SAED pattern (solid circles stand for [110] zone and common spots, and

open circles stand for [011] zone spots)

the normal of the (111) plane, we can distinguish the
two kinds of twins according to the resultant SAED
pattern. If there exists only one set of superlattice spots,
thetwin orientation is of pseudotwin. Otherwise, if there
exists two sets of superlattice ([110]w//[110]5), or no
superlattice spots ([101],//[101]1), the twin orientation
is of true twin.

2.2 Experimental Details

As-cast Ti-48Al-2Cr (at.%) alloy was produced by the
skull-melting technique from high-purity materials. Theingot
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was encapsulated in quarts and heat treated as follows. each
was homogenized for 10 h at 1100 °C, heated to 1225 °C,
and held subsequently for 2 h before air cooling to room
temperature. This heat treatment developed alamellar micro-
structure. Compression coupons were cut from these heat-
treated materials deformed at room temperature to 7% strain.
Slices of both the heat-treated and deformed alloys were
prepared for electron microscopy using standard techniques,
and the thin foilswere examined in aJEOL 2010 transmission
electron microscope (Japan Electron Optics Ltd., Tokyo)
operated at 200 kV.
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Fig.5 (a) SAED pattern along the [011],,//[101] orientation of pseudotwin (similar case is the [011]//[011] orientation or [101]//[011];
orientation of true twin), (b) its schematic representation, and (c) indexed schematic diagram of the SAED pattern (solid circles stand for [011]
zone and common spots, and open circles stand for [101] zone spots)

3. Results and Discussion The interfaces between y and a, or y and vy lamellae are
very flat, lying paralel to each other. In the lamellar structure
3.1 A Qualitative Description of Lamellar Structure Of. two-phase T'AI compounds, there are four types of bound-
aries, as follows:

The TEM examination of specimens of the present alloy
revealsamicrostructure that exhibits alternating a, and ylamel- . . .
lae (Fig. 6). The orientation relationships of a, and y lamellae ¥laz interphase boundaries,

are (0001),,//{111} , and <11§0>a2//<110>7. The lamdlae are * yly domain boundaries, where the two neighboring

very thin. The widths of the primary @, and y lamellae were domains are in true twin relation (180° rotation twin),
0.8 to 1.2 um, and these lamellae were formed during « — e yly domain boundaries, where the two neighboring
a+ vy - a + ytransformations.!* domains are in pseudotwin relation (60° rotation twin); and
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Fig.6 TEM micrograph of the Ti-48Al-2Cr aloy: (a) bright-field image of the twin-related y laths and «;, layers, (b) SAED pattern, and (c)
indexed schematic diagram of the SAED pattern (solid circles stand for [101], zone and common spots, open circles stand for [101], zone spots,

and rectangles stand for [1120],, zone spots)

e 120° rotational y/y domain boundaries across which the
stacking sequence of the (111) plane is maintained.

A quantitative analysis was made in different areas to count
the percentage of the three kinds of -7y interface. The method
for distinguishing is described in the experimental procedure.
Thirty-six object spots are selected in different areas and differ-
ent samples. Among the 36 y-vy interfaces, 19 (representing
53%) belong to true twin boundaries, 6 (representing 17%) to
120° rotational domain boundaries, and 11 (representing 30%)
to pseudotwin boundaries.
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The occurrence of the true twin relationship is found to be
more frequent than that corresponding to the pseudotwin or
120° rotational domain relationship. A higher fraction of the
twin boundaries was also mentioned in Ref 15. This can be
explained according to the misfit at the twin interfaces and
the interaction energy of interface atoms, as described in the
following sections.

Misfitsin the Twinned y-vy Interfaces. Inthe TiAl phase
in equilibrium with the TizAl phase, there are six different
types of ordered domains corresponding to the six possible
orientations for the [110] of TiAl with respect to the (1120) of
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Fig. 7 Interfacia misfits associated with the tetragonality of the TiAl
phase: (a) three (110) orientationsin the (111) plane; (b) fully coherent
true twin interface; () misfits along two directions [110]//[101]; and
[011]\//[110]1 in the 120° rotational domain interface; and (d) misfits

along two directions [110],//[011]+ and [101],//[110]; in the pseu-
dotwin interface

TizAl. In the TizAl phase, the three directions [1120], [1210],
and [2110] are equivalent. However, due to the tetragonality
in the TiAl phase, the [110] direction is not equivaent to the
(101] or (011] direction. For the y/yr domain combination,
because the unit length in the [101] direction is not equal to
that in the (101] or (011] direction, misfitting exists along the
[110],//[101] ,r or [110],//[011] ,7, &s shown in Fig. 7.

Because of the tetragonality of the L1, structure, the inter-
faces corresponding to the true twin relationship are fully
coherent, while those corresponding to the pseudotwin rela-
tionship or 120° rotational domain relationship generate a
mismatch. Kad and Hazzledine demonstrated that the misfit
at {111} order interfaces might be accommodated, in princi-
ple, by either a cross-grid of edge dislocation, or a cross-
grid of screw dislocation.[*®! Therefore, the higher proportion
found for the true twin relationship is most likely due to the
minimization of the elastic energy of the interfaces. This
minimization may be achieved through the following two
processes.[®l One happens during the nucleation when collec-
tive or sympathetic ordering takes place involving several
adjacent lamellae; in this case, adjacent variants are twin
related to each other. The other process takes place during
the growth when the migration of boundaries (pseudotwin
boundaries or 120° rotational domain boundaries) separating
two variants within each y lamellar tends to reduce the pseu-
dotwin portion or 120° rotational domain portion of the inter-
face in favor of the twin relationship.

Interaction Energy of Interface Atoms. Interaction
between interface atoms can contribute to the four kinds of
interface. Inui et al. systemically compared the boundary ener-
gies of the three kinds of domain boundaries mentioned above
by considering an AB compound with the L1, structure.™ The
energy yr of the true twin type lamellar boundary, the energy
vp Of the pseudo-twin-type lamellar boundary, and the energy
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yr Of the 120° rotational domain boundary can be estimated
roughly with a ratio of 1:7:6. This clearly explains why the
true twin type lamellar domain boundaries are observed in
the TiAl phase much more frequently than those of the 120°
rotational and the pseudotwin types, consistent with the pres-
ent observation.

3.2 TEM Observation of the Deformed Structure

Formation of Deformation Twins. After deformation, the
most striking feature of the present aloy is the strong increase
of the propensity of twinning. Figure 8 demonstrates the defor-
mation structure deformed to 7% in pressure. Deformation twins
(nearly vertical), having an angle of about 70° with the lamellar
direction (nearly horizontal), consist of grid structure with
lamellar plate. After a close examination of the lamellar plates,
we find that there are severa fine y plates along the lamellar
direction (shown by arrows). That is to say, deformation twins
in the y phase are also formed aong the lamellar direction. In
general, the width of these secondary ylathswas0.1t0 0.2 um.

Electron diffraction experiments for several different inci-
dent beam directions confirm that deformation twins corres-
ponding to the fine structures are ordered (true) twins of the
(111)[122] type, which do not disturb the L1, symmetry of the
lattice. In predominantly vy single-phase materias, { 111} twins
produced by 1/6(112] slip have been previously observed.*]
This observation was in agreement with another report,[2®!
which suggested that, because 1/6(121] and 1/6(211] dlip will
produce antiphase boundaries at the twin boundaries and are
energetically disfavored, (121]{ 111} and (211]{ 111} twinswill
be forbidden and only (112]{111} twins will be permitted in
the L1, structure.

Besides the deformation twinning along the lamellar direc-
tionleading to thefinenessof thelamellar structure, thetransfor-
mation y = a, can aso contribute to the plate fineness.[*%2)
Because the atomic arrangements of stacking faults in a, are
fcc, closeto the y structure, the y phase may be easily produced
from a, via formation of stacking faults during deformation.
Similarly, because stacking faults in y are hcp, a, may be
produced from the y phase during deformation.

Intersection of Deformation Twins. Some Observa-
tions. In most cases, shear deformation (mainly twinning)
propagates across the lamellar boundaries almost in the one-
to-one correspondence, but in some cases, the propagation is
hindered by lamellar boundaries, as marked by S in Fig. 9.
The lamellar boundaries in these cases are domain boundaries
between differently oriented TiAl ordered domains. As seen in
Fig. 9, some of the deformation twins impinge the lamellar
boundaries and are stopped there. This indicates that, during
deformation, thelamellar (domain) boundaries offer someresis-
tancefor the propagation of shear deformation. The deformation
twin labeled T originating from the 60° rotation twin boundary
(position “Q") penetrates through the 120° rotational domain
boundary, but the propagation is hindered by another 60° rota-
tion twin boundary (position “H"). Of interest is that the 120°
boundary has little resistance to the propagation of deformation
twin. Meanwhile, we also find that two deformation-induced
v plates (true twin) have no obvious resistance to the propaga-
tion of shear deformation.

Figure 10 is a high-magnification image of the lamellar
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Fig.8 TEM micrograph of the alloy deformed to 7%: (a) bright-field image of the twin-related y laths, «; layers, and intersecting y deformation
twins, (b) SAED pattern; and (c) indexed schematic diagram of the SAED pattern (solid circles stand for [011] zone and common spots, open
circles stand for [101] zone spots, and cross-centered circles stand for [101]+ zone spots)

structure, which shows another example of resistance of the
lamellar boundaries for the propagation of shear deformation.
In this case, 180° twin boundaries are marked in the figure. The
deformation twin T4, which originates from the a./y interface,
propagates aong the direction shown by the arrow and is
dragged at the 180° twin boundary. The distorted zone at the
twin boundary shows that the boundary gives a considerable
resistanceto the propagation of deformation twin. After penetra-
tion through the 180° twin boundary, this deformation twin is
hindered at another twin boundary, as marked by ”S.” In this
micrograph, we cannot determine if the interface is 60° twin
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boundary. But, according to our many observations, the defor-
mation twins are often terminated at 60° twin boundary.

A typical example showing the resistance by the lamellar
boundaries for the propagation of shear deformation is shown
in Fig. 11, which is an enlargement of the framed zone in Fig.
8. Inthiscase, thelamellar boundariesare interphase boundaries
between TiAl and TizAl lamellae. Some deformation twins are
seen to be stopped at the boundaries, indicating considerable
resistance of the TiAl/TizAl lamellar interphase boundaries for
the propagation of deformation. A close examination of the
TizAl lamellar shown in Fig. 11 reveds a strain contrast, as
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Fig.9 TEM micrograph of the deformed aloy showing the twin
intersection

Fig. 10 High-magnification TEM micrograph showing the twin
intersection

Fig. 11 High-magnification TEM micrograph of the framed area in
Fig. 8
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Fig. 12 Schematic diagram of the true twin structure viewed along
[011]\,//[O11]+ (gray circle represents interface atom)

indicated by an arrow, but no glide dislocations are observed
in the TizAl lamellae. The TizAl lamellae, in general, do not
seem to be plastically deformed, at least at the stress level
corresponding to the yielding of Ti-rich TiAl.

Intersection of Deformation Twins: Some Theoretical
Considerations. Let us assume that a first mechanical twin
(referred to as barrier twin or twin 1) had habit plane (111) in
the orientation relationship of 180° rotation twin (true twin),
120° rotational domain, or 60° rotation twin (pseudotwin). Any
vector expressed in the coordinates associated with the parent
matrix or the twin will be written with an M or a T subscript,
respectively. A second twin (called incident twin or twin Il)
can hit the first on one of the {111} plane by 1/6(112) partia
dislocations. Now, we can examine the interaction between the
1/6(112) partial dislocation and the barrier twin or existing
TizAl plate.

+  Truetwin

In this case, the true twin is the intersection line of the barrier
twin and incident twin along the [011],,//[011]; direction. The
incident twin (twin I1) can shear the barrier twin on the (111)y
plane by biy), = 1/6[112], partial dislocation, and thus, in the
intersected twin coordinate system, they can expressed in the
following vectors:

1 -2 -2\/-1

% 2 1 -2 1 =%(511)T
2 -2 1/\1
M
and
1 -2 -2\, /-1
=32 1 -2|3[-1) ->m7a
2 -2 1 2

M

The only twin system for transmitting the incident twinning
strain through twin | is b, = 1/6[112]+(111), as shown in Fig.
12. The angle between the planes (111)y and (111); can be
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Fig. 13 Trandation of twinning deformation across an interfacial
boundary ¥/ yr between lamellae with truetwin orientation. Foil orienta-
tion (011]

computed to be 141°, consistent with the measured result in
Fig. 10. Even though this angle is very large, such a situation
still occurred according to the observation.

The difference X between the transmitted and the incident
vector is

1 - 1 = 2
X = b, = by = =2 [172]r — 5 [336]r = = [111]r

Thus, the intersecting twinning system leaves, at the matrix-
twin | interface, a residual displacement given by the vector
X. The magnitude of the X vector is fairly large (about 1.54
A) when compared with the magnitude of the incident Burgers
vectors (1.63 A); thus, it would impose a strong backward stress
on new incoming partials. In fact, we can notice the seriously
distorted zone at the intersected matrix-twin | interface, as
shown in Fig. 13, which results from the vector X.

*  Pseudotwin

The orientation relationship of 60° pseudotwin is similar to that
of 180° true twin. This determines that the interaction of the
incident twin with the existing barrier twin is aso similar to
that of the 180° true twin, as analyzed above.

Supposethat theintersection line of the barrier twin andincident
twin is along the [011],,/[101] direction. The habit plane of
theincident twinis (111)y, and the slip direction of theincident
twin is bjpyy = 1/6[112]y. In the intersected twin coordinate
system, the bjgy vector can be expressed as follows:

2 2 1 1
b=2|1 -2 —2|if-1)=2Lpan,
s\, 5le\l, | s

If the strain were to be transferred as a transmitted twin, the
dlip direction would be b, = 1/6[112]; and the twin plane
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Fig. 14 Schematic diagram of the pseudotwin structure viewed along
[012]\//[101]¢ (gray circle represents interface atom)

(112)+, asshownin Fig. 14. Therefore, the misfitting dislocation
of Burgers vector X at the twin interface has a form similar to
that in the 180° true twin:

1ozs 1 = I —
X = by — by = 2 [217]7 — 72 [336]r = 1o [5413]r

Thus, similar to the true twin, the intersecting twinning
system also leaves, at the matrix-twin | interface, a residual
displacement given by the vector X. The magnitude of the X
vector is fairly large (about 3.22 A) when compared with the
magnitude of the incident Burgers vectors (1.63 A) and the
residua displacement (1.54 A) in the case of true twin.

e 120° rotational domain

Figure 15 is the orientation relationship of the 120° rotational
domain. Thisorientation relationship isdifferent from that of the
180° rotation twin (true twin) or 60° rotation twin (pseudotwin)
discussed above. The {100}, {110}, and {111} planes of the
matrix for this kind of twin are paralel to those of the twin.
Let us assume that the twin intersection occurs along the
[101]//[011]+. The dlip direction and dlip plane of the incident
twin are bjgy = 1/6[112], and (111)y, respectively, and thus,
in the intersected twin coordinate system, they are expressed
as follows:

01 0\, /-1
b=(0 0 1|3 1] =2Lpzm,
1 0 0/%\2 6
M
and
01 0\/1
0 0 1|[-1] =),
10 0/\1/
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Fig. 15 Stereographic projection showing the orientation relationship
of the 120° rotational domain

Fig. 16 Schematic diagram of the 120° rotational domain structure
viewed aong [101],,//[011]+ (gray circle represents interface atom)

Due to the parallelism of [112]//[121]+ and (111)y,//(111),
thestrain fromtheincident twiniseasily transmitted through
the barrier twin without a change of slip direction and slip
plane, as shown in Fig. 16. Though as an alternative, it is
reasonabl e to assume that the strain due to the incident twin
is transferred as by, = 1/6[112]+ (111)y, this situation will
also result in a residual displacement at the matrix-twin
| interface:

1., 1. 1, -
X = by — by = ¢ [12T}y — £ [112y = 5 [01T];
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Comparatively, 1/6[121]+ slip without the residual displacement
is energetically favored, though it will produce an antiphase
boundary at the twin boundary.

+  TiAl/TizAl interphase interface

Yang!?¥ has shown (1120){ 1010} ., to be the primary slip sys-
tem in binary Ti-25Al. Activation of (1120)(0001),, dip is
difficult. The slip behavior of the TisAl phase makesit difficult
for the strain from the incident twin in the TiAl phase to be
transmitted. Due to the orientation relationships {111},//
{0001} ., and (110],//(1120),,, it is easy to calculate the angle
between the [112], direction on the {111}, plane, and the
(1120),,, on the (0001),, is more than 70.5° ((111) O (111) ~
70.5°). Therefore, it is unfavorable to activate dlip dislocation
in TizAl. If the strain is large enough, the (1120)(1010) may
be activated. Because (1120),, is paralel to the TiAl/TizAl
interface plane, we cannot see the penetration of the incident
twin.

Therefore, all four types of boundaries in the lamellar structure
may cause resistance to the propagation of deformation twins.
According to the discussion, 120° rotational domain boundaries
will cause the least resistance, since the direction of shear and
the plane of shear will not be changed on the propagation
of deformation. Regarding to the other three interfaces, the
resistance F to the incident twin has the following sequence:
Fisr < Fepr < F,02. Here, 180°, 60°, and y/a, represent 180°
rotation twin interface, 60° rotation twin interface, and y/a,
interphase interface, respectively.

4. Conclusions

*  The relationships corresponding to -y combinations can
be true twin, 120° rotational domain, and pseudotwin.
Among them, the twin relationship was most frequently
observed. Thisis most likely due to a minimization of the
interfacial energy associated with misfit and interaction
energy of interface atoms.

»  Plasticdeformationleadsto the appearance of twinintersec-
tion. The lamellar boundaries have different resistance to
the propagation of intersecting twins. The 120° rotational
domain boundary has the lowest resistance, and the other
three cases have the following sequence: Figpr < Fgpr <
Fazry-

*  For the three orientation relationships related to the y-y
combination, the resistance of lamellar interface to the
intersecting twinisdetermined by theresidual displacement
between the transmitted vector and the incident vector.
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