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On deformation twins and twin-related
lamellae in TiAl
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Materials Science and Technology Division, Los Alamos National Laboratory, MST-5, MS
G755, Los Alamos, NM 87545 USA

The crystal orientation relationships and atomic arrangements across deformation twin
planes and twin-related lamellar interfaces in {110) projection directions in TiAl are
examined crystallographically. Atomic arrangements across the true-twin plane and the
true-twin-related lamellar interface are shown to be identical, while the atomic arrangements
across the pseudo-twin plane and the pseudo-twin-related lamellar interface are quite
different. Atom locations at the true-twin plane and the true-twin-related lamellar interface
do not violate the atomic order in both crystals while those at the pseudo-twin plane or the
pseudo-twin-related lamellar interface are shown to violate the atomic order. (110) zone
diffraction pattern simulations show that the true-twins and the true-twin-related lamellae
cannot be distinguished using the {110) zone diffraction patterns. Not every (110) zone
diffraction pattern can be utilized to distinguish between any two different twin
relationships. The true-twin and the pseudo-twin can only be distinguished using {(101]

zone diffraction patterns, while true-twin-related and pseudo-twin-related lamellae are
distinguishable by only using (110] zone diffraction patterns.

1. Introduction

Two types of twin relationships exist in y-TiAl: defor-
mation twins and twin-related lamellae. Deformation
twins are classified as either a true-twin or a
pseudo-twin due to the anisotropy of the TiAl crystal,
and twin-related lamellae are classified as true-twin-
related lamellae or pseudo-twin-related lamellae. The
formation mechanisms of these two types of twin rela-
tionships have been extensively studied and appear to
be clearly understood [1-4]. Deformation twinning
has been found to be a common deformation mode in
TiAl [2, 5-10]. However, systematic comparisons be-
tween these two types of twin relationships, in their
crystal orientations and atomic arrangements across
the twin interfaces, has not been pursued. Therefore,
unambiguous determination of each twin relationship
in TiAl crystals remains an unresolved question.

In a previous paper [11], all the possible twin-re-
lated lamellar interfaces in an as-grown polysyntheti-
cally twinned (PST) TiAl crystal were experimentally
determined. In the current paper, the crystallographic
orientation relationships in the true-twin and the
pseudo-twin are investigated and compared with the
twin-related lamellae. The diffraction patterns for
both deformation twins and twin-related lamellae are
calculated in {(110) zone directions to illustrate dif-
ferences between all four twin relationships in TiAl.

2. Crystal orientation relationship
v-TiAl has the L1, tetragonal crystal structure with
¢/a = 1.02. The unit cell of the y-TiAl crystal structure
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is shown in Fig. 1a, in which Ti and Al atoms alter-
nately occupy (002) planes. Because the difference
between lattice parameters ¢ and a is only 2%, y-TiAl
can be treated as an f.c.c.-based ordered crystal struc-
ture. In y-TiAl, there exist three Shockley partial dislo-
cations, $<{112) in a (1 11) plane similar to the f.c.c.
crystal structure. Homogeneous glide of any one of
these Shockley partials on every adjacent (11 1) plane
can shear the y-TiAl crystal into a twin orientation
with respect to the undeformed crystal. Because of the
ordered structure of y-TiAl, the resultant twins formed
by these three Shockley partials are not identical. The
twin formed by the passage of either £[121] or
£[211] Shockley partials has a L1, crystal structure,
as shown in Fig. 1b, which is also an f.c.c.-based
ordered crystal structure but differs from the y-TiAl
crystal structure. The Ti and Al atoms in Fig. 1b are
alternately stacked in the (11 1) planes. The L1, crys-
tal shown in Fig. 1b is formed by homogeneous glide
of £[12 1] Shockley partial dislocations in every (11 1)
plane of the L1, crystal shown in Fig. 1a. Because of
the crystal structural changes accompanying the
twinning, the Ti and Al atoms in the twinned crystal
are not twin-symmetric to the same atoms in the
matrix, although the lattices between them are sym-
metric one to another across the twin plane. A twin
having this type of crystal orientation relationship
with the matrix is called a pseudo-twin. The detailed
atomic arrangement across a pseudo-twin plane will
be presented in Section 3. Contrarily, the homogene-
ous glide of £ [112] Shockley partial dislocations on
every (1 11) plane will not change the crystal structure,
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(a) (b)

Figure 1 (a) A L1, unit cell and (b) a L1, unit cell. In (a) Ti (the
shaded circles) and Al (the open circles) atoms are alternately
stacked on (002) planes, while in (b) the Ti and Al atoms are
alternately stacked on (T 1 1) planes. (b) is obtained by the motion of
4[1217 Shockley partial dislocations on every adjacent (1 1 1) plane
of (a).

so the resultant twin has the same L1, crystal struc-
ture as the matrix. In this case, the twin is symmetric
to the matrix both in its crystal orientations as well as
its specific atomic arrangements. A twin exhibiting
symmetry with the matrix in both its lattice geometry
and its atomic species positions is called a true-twin
[12].

Since both the true-twin and the pseudo-twin are
formed by homogeneous shear in {112 directions in
TiAl, the <{112) twinning directions should be the
same in both the matrix and the twinned crystal.
Therefore, both the true-twin and the pseudo-twin
have a 180°-rotational symmetry about the {112}
twinning directions with respect to the matrix. The
crystal orientation relationships of the true-twin and
the pseudo-twin with the matrix are shown in Fig. 2a
and b, respectively. The coordinates labelled with
plain letters represent the crystal orientation of the
matrix while those labelled with primed letters desig-
nate the orientation of the twin in Fig. 2a and b. The
shaded planes in Fig. 2a and b represent the twin
planes. The matrix is located below the twin plane and
the twin is above the twin plane in this figure. The
crystal orientation relationships between the twin and
the matrix can also be seen to follow the 180°-<(112)
rotational symmetry in Fig. 2a and b. Although both
twins satisfy the 180°-rotational symmetry about the
twin plane normal [111], we use the 180°-<112)
rotational symmetry to define the relative crystal ori-
entations between the twin and the matrix since the
180°-¢112) rotational symmetry reflects the twinning
mechanism in TiAL

Similar to deformation twins, two twin relation-
ships between lamellae, a true-twin and a pseudo-twin,
exist across lamellar interfaces. The formation mecha-
nism of the twin-related lamellae however differs from
that of deformation twins. In the lamellar structure,
both the true-twin-related and the pseudo-twin-re-
lated lamellae are formed during the o, >y or >
solid phase transformation. This is due to the specific
crystal orientation relationship between the y-TiAl
phase and the a,-Ti3;Al phase or the a-TizAl phase
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[1, 2]. The true-twin-related lamellae (or domains) are
formed when two crystals are anti-parallel in the (11 1)
plane or 180°-rotationally symmetric about the [11 1]
lamellar interface normal; for instance [110](111)
//[110](111) [1]. For the pseudo-twin-related lamel-
lae (or domains), two crystals are rotated relatively to
one another by 60° about the [1 1 1] lamellar interface
normal; for instance [110](111)//[101](111) and
[110](111)//[011](111). Pseudo-twin-related lamel-
lae are symmetric in their lattice geometry but not in
their atomic arrangements across the lamellar inter-
face, similar to the pseudo-twin formed during defor-
mation. However, the pseudo-twin-related lamellae
have the same L1, crystal structure, which is different
from the deformation pseudo-twin.

According to the formation mechanism of twin-
related lamellae in the lamellar structure, the coordi-
nates of true-twin-related lamellae should have a 180°-
[111] rotational relationship while those of the
pseudo-twin-related lamellaec should have a +60°-
[111] rotational relationship, respectively. The rela-
tive orientation relationships in terms of the unit cells
of two twin-related lamellar laths are shown in Fig. 2¢
and d, in which the coordinates of the two laths are
labelled by plain letters and primed letters, respective-
ly, and the shaded triangles represent the lamellar
interfaces. Because both the true-twin-related and the
pseudo-twin-related lamellae are formed by relative
crystal rotations about the lamellar interface normal
[1117], the lamellar interface index (11 1) should be
the same with respect to both laths. In the case of
deformation twins, the twin plane (111) indexed in
terms of the matrix orientation should be changed to
the (11 1) twin plane when the twin plane is indexed in
terms of the twin orientation since the deformation
twins have a 180°-(112) rotational symmetry. Thus,
the differences between deformation twins and twin-
related lamellae in lamellar structures are not only due
to their differences in their formation mechanisms and
the crystal structural change in the pseudo-twinning
but also in their orientation indexing.

3. Atomic arrangement

Since both deformation twins and twin-related lamel-
lae display ordered superlattice structures, deforma-
tion twins and twin-related lamellae are both aniso-
tropic in terms of their atomic arrangements, albeit
the pseudo-twinning changes the L1, crystal structure
into an L1, crystal structure, as shown in Fig. 2. For
instance, in a (111) plane of an L1, TiAl crystal,
atoms in a [110] direction are all like atoms, i.e. they
are either all Ti atoms or all Al atoms; whereas the
rows in [011] or [101] direction are alternately oc-
cupied by Ti and Al atoms. Thus, a one directional
projection of these crystals cannot completely repre-
sent the atomic arrangements across the twin planes
and the twin-related lamellar interfaces. Fig. 3 shows
the atomic arrangements across the twin planes and
the twin-related lamellar interfaces in three different
{110) projection directions parallel to twin planes or
lamellar interfaces for each twin relationship. Circles
in this figure represent the atoms in the corresponding



(111) twin plane

(111) lamellar interface

(c)

(111) twin plane

(111) lamellar interface

(d)

Figure 2 Four twin orientation relationships in TiAl. (a) Orientation relationship between a true-twin and the matrix; (b) orientation
relationship between a pseudo-twin and the matrix; (c) orientation relationship between two true-twin-related lamellar laths; (d) orientation
relationship between two pseudo-twin-related lamellar laths. In the figure, the plain letters represent the matrix crystal coordinates while
those with a prime stand for the twin crystal coordinates. The shaded planes in the figure represent (1 1 1) twin planes and lamellar interfaces,
so the matrix is located below the shaded plane and the twin is above the plane in each figure. The shaded and open circles represent Ti and Al

atoms, respectively.

{110} projection plane and squares stand for the
atoms located in the same {110} plane but above the
projection plane by an {110} interplanar spacing of
(2'?/4)a. The open and shaded marks represent Ti
and Al atoms, respectively. The circled crosses indi-
cate the projection directions in terms of the twin and
the matrix as indicated in the figure. To facilitate
visualization of the relative crystal orientation rela-
tionships across the twin planes or lamellar interfaces,
some specific crystal planes and directions are also
indexed in the figure. Atoms lying at the twin planes
and the lamellar interfaces are all projected from
the bottom crystals. Fig. 3a—c are the projections of

the atomic arrangements across a true-twin plane,
Fig. 3d—f are those across a pseudo-twin plane,
Fig. 3g—1 are across a true-twin related lamellar inter-
face, and Fig. 3j—1 are across a pseudo-twin related
lamellar interface.

In Fig. 3a—c, we can see that atoms in the twin are
all symmetric to atoms in the matrix not only in their
lattice positions but also in their atomic species, which
is consistent with the definition of a true-twin [12].
Although atoms at the twin plane are drawn from the
bottom (matrix) crystal, these atoms do not violate the
atomic arrangement of the upper (twin) crystal at the
twin plane. This indicates that the interface energy of
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a true-twin plane should be relatively small. Since this
twin is 180°-[112] rotationally symmetric to the
matrix, the twin plane indexes in terms of the twin and
the matrix are reflected about the twin plane in all
three projections. For instance, the (1 1 1) twin plane in
terms of the matrix becomes the (11 1) plane in terms
of the twin, as shown in Fig. 3a. For other planes and
directions, the reflection symmetry between the matrix
and the twin is maintained only in projections along
{110] directions, which is perpendicular to the [112]
twinning direction, as shown in Fig. 3a. The projec-
tions in directions other than (110] do not have the
same reflection symmetry between the matrix and the
twin in their plane and direction indexes, as shown in
Fig. 3b and c.

For the pseudo-twin as shown in Fig. 3d—f, atoms in
the twin are not symmetric to the same atoms in the
matrix about the twin plane. In Fig. 3e and f, atoms in
every second (1 1 1) plane in the twin are a reflection of
the same atoms in the matrix about the twin plane.
However, in Fig. 3d, atoms in the first, the third and
the fifth planes of the twin are symmetric to the same
atoms in the matrix about the twin plane while atoms
in every second plane in the twin are symmetric to
different atomic species in the matrix. This result indi-
cates that the (11 1) planes in the twin and the matrix
are all non-symmetric in their atomic species for
pseudo-twins. Similar to the true-twin, the crystal
planes and directions in the twin and the matrix are
reflectionally symmetric about the twin plane only in
the [101]//[T01] projection, as shown in Fig. 3f,
which is perpendicular to the twinning direction
[121]. The crystal planes and directions in the other
two projections, as shown in Fig. 3d and e, are not
symmetric to each other about the twin plane due to
the unidirectional shear of the twinning. Atoms at the
twin plane in Fig. 3d violate the atomic ordering of the
twin at the twin plane but twin plane atoms in Fig. 3e
and f maintain the atomic ordering of the twin at the
same twin plane. This indicates that the interface en-
ergy of the pseudo-twin plane should be larger than
that of a true-twin plane although the difference might
not be large because the violation of atomic ordering
at the pseudo-twin plane occurs only in one
[T10]//[011] projection. However, the activation en-
ergy for pseudo-twinning should be significantly dif-
ferent than the activation energy of true-twinning
since pseudo-twinning involves a crystal structure
change from the matrix L1, to the twin L1, crystal
structure as shown in Fig. 1b. Thus, the formation
driving force of pseudo-twinning in y-TiAl should be

Figure 3 Atomic arrangements across the twin planes and the
twin-related lamellar interfaces as viewed along {110} directions.
(a)—(c) are atomic arrangements across the true-twin plane,
(d)—(f) are across the pseudo-twin plane, (g)—(i) are across the true-
twin-related lamellar interface, and (j)—(1) are across the pseudo-
twin-related lamellar interface. Circles represent the atoms in {110}
projection planes and squares represent the atoms in the same
{110} planes but above the projection plane by an interplanar
spacing. The shaded and open marks are Ti and Al atoms, respec-
tively. Atoms at the interfaces belong to the bottom crystals. The
circled crosses indicate the projection directions in terms of the twin
and the matrix.

primarily determined by the formation energy of the
L1, TiAl crystal structure rather than the pseudo-twin
plane energy.

For the true-twin-related lamellar interface, as
shown in Fig. 3g—i, the atomic arrangements across
the interface are the same as those across a true-twin
plane as shown in Fig. 3a—c. This suggests that the
interface energy between the true-twin plane and the
true-twin-related lamellar interface should be similar.
However, the indexes of the planes and directions
should be different between the true-twin and the
true-twin-related lamellar lath with respect to the
same matrix orientation. Because the true-twin-re-
lated lamellar interface is formed by a 180°-[111]
rotation, the index of the lamellar interface should be
(111) for both laths. Unlike the true-twin, the planes
and directions in both laths follow a 180°-[11 1] rota-
tional relationship in all three projections, as shown in
Fig. 3g—i. This indicates that the diffraction pattern
indexing for the true-twin and the true-twin-related
lamellae should be different, although both diffraction
patterns are the same. Comparing the crystal orienta-
tions between the true-twin portions in Fig. 3a—c and
the upper laths in Fig. 3g—i, we can see that a true-
twin in a specific projection has a 180°-rotational
relationship about the projection direction with the
corresponding lamellar lath having the same projec-
tion direction. For instance, the crystal orientation of
the true-twin in Fig. 3b is exactly a 180° rotation of the
upper lath in Fig. 3i about the [10 1] projection direc-
tion. Thus, the indexes of planes and directions of the
true-twin shown in Fig. 3a—c are opposite to the
corresponding planes and directions in the upper lath
in Fig. 3g—i. The bottom crystal orientations are the
same for all four twin relationships shown in Fig. 3 in
order to compare the crystal orientation differences
between twins and laths.

Unlike the relationship between a true-twin and
a true-twin-related lamella, the pseudo-twin-related
lamellar lath has a completely different atomic
arrangement from the pseudo-twin. In a pseudo-twin-
related lamellar lath, the anti-atomic symmetry (an
atom is symmetric to a different atom) across the
interface exists in every (1 1 1) plane in all projections,
as shown in Fig. 3j—1. This difference in atomic ar-
rangement across the pseudo-twin plane and the
pseudo-twin-related lamellar interface is not surpris-
ing given that the two crystal structures are different.
However, the indexes of the planes and directions in
the two crystals in the same projection direction, for
instance the [110] projection direction as shown in
Fig. 3e and 1, also have 180°-rotational relationships
about the projection direction, similar to that between
the true-twin and the true-twin-related lamellar lath.
Investigating the atomic arrangements at the lamellar
interface shown in Fig. 3j—1, the interface atomic viola-
tion at the pseudo-twin-related lamellar interface is
seen to occur in more projections compared to that for
the pseudo-twin plane. Atoms at the pseudo-twin-
related lamellar interface violate the atomic ordering
of the upper crystal in all three projections, as seen in
Fig. 3j—1, while in the pseudo-twin plane case the
violation occurs only in one projection, as in Fig. 3d.
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Thus, if we consider only the interface atomic viola-
tion effect on the interfacial energy, the pseudo-twin-
related lamellar interface should have a higher inter-
facial energy than a pseudo-twin plane. Based on this
argument, the low occurrence of pseudo-twinning in
v-TiAl crystals may be ascribed to the structural cha-
nges in pseudo-twinning rather than the pseudo-twin
plane energy. Since pseudo-twin-related lamellae are
related by a 60°-rotation about the lamellar interface
normal, we cannot see the reflection orientation rela-
tionship between the upper and bottom crystals in
terms of their crystal plane or direction indexes.

4. Identification of true-twin
and pseudo-twin relationships

In this section, we will analyse the diffraction patterns
from both types of deformation twins and twin-related
lamellae in order to identify the true-twin and pseudo-
twin relationships among the deformation twins and
twin-related lamellae. The diffraction patterns for all
four twin relationships are simulated by considering
the structure factors, angles between planes, and

through comparison with the experimentally obtained
diffraction patterns [11]. The simulated <110 zone
diffraction patterns with respect to the crystal orienta-
tions presented in Fig. 3 are shown in Fig. 4. All the
diffraction patterns shown in Fig. 4 were obtained
parallel to the twin planes and the lamellar interfaces.
Consistent with the formation mechanisms for defor-
mation twins and lamellar structures, the diffraction
patterns are indexed in such a way that the diffraction
patterns are reflectionally symmetric about the plane
perpendicular to the g = [111] vector (i.e. the (111)
plane) for deformation twins and 180°-rotationally
symmetric about the g = [11 1] vector for lamellae. In
diffraction patterns for the twin-related lamellae, one
lath is assumed to be the matrix (the bottom lath in
Fig. 3) and the other is assumed to be the twin consis-
tent with the diffraction patterns of the deformation
twins.

For true-twin diffraction patterns as shown in
Fig. 4a—c, superlattice diffraction spots may or may
not be seen from both the twin and the matrix in
a diffraction pattern. Comparing these diffraction pat-
terns with the diffraction patterns from a true-twin-
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Figure 4 Simulated {110) zone diffraction patterns across (a)—(c) the true-twin plane, (d)—(f) the pseudo-twin plane, (g)—(i)
the true-twin-related lamellar interface, and (j)—(1) the pseudo-twin-related lamellar interface. Diffraction patterns are indexed based on the
180°-¢112) rotational symmetry for the deformation twins, the 180°-[11 1] rotational symmetry for the true-twin-related lamellae and the

60°-[111] rotational symmetry for the pseudo-twin-related lamellae.
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TABLE I Diffraction criterion for identification of the four twin relationships in TiAl

True-twin Pseudo-twin True-twin Pseudo-twin

lamellae lamellae

True-twin 101]y Morphology 110]

Pseudo-twin 101w {101]m OT1]w//<101]¢

<T10]y

True-twin Morphology {101]u 110]

lamellae

Pseudo-twin 110] 0T1]y/<1017 ¢ 110]

lamellae 110]y

related lamella as shown in Fig. 4g—i, we can see that
these two sets of diffraction patterns do not differ in
their configurations except for the exact diffraction
spot indexes. Accordingly, based solely on the diffrac-
tion patterns we cannot distinguish a true-twin from
a true-twin-related lamella. The only remaining possi-
bility of distinguishing between them is by their mor-
phologies and by comparing their microstructures be-
fore and after deformation.

For pseudo-twin diffraction patterns as shown in
Fig. 4d—f, the superlattice spots from the twin occur in
all three zone diffraction patterns due to the L1,
crystal structure of the pseudo-twin. The superlattice
spots from the matrix are only evident in the [110]y
zone diffraction pattern. Comparing the pseudo-twin
diffraction patterns with the true-twin diffraction pat-
terns, we can see that the diffraction patterns in Fig. 4a
and d are similar. Therefore, these patterns cannot be
used to distinguish between a true-twin and a pseudo-
twin. To distinguish between the two deformation
twins, we must use <10 1]y zone diffraction patterns,
as shown in Fig. 4b ¢, € and f. The same <10 1]y zone
diffraction patterns, should be applied to distinguish
a pseudo-twin from a true-twin-related lamella.

Comparing the diffraction patterns for a pseudo-
twin-related lamella in Fig. 4j—1 with those of a true-
twin in Fig. 4a—c or those of a true-twin-related
lamella in Fig. 4g—i, the [01 1]y zone diffraction pat-
tern in Fig. 4k also shows no superlattice diffraction
spots from both crystals, as in Fig. 4b, ¢, h and i. Thus
to distinguish a pseudo-twin-related lamella from
a true-twin and a true-twin-related lamella, only
{11 0]y zone diffraction patterns are useful. To distin-
guish a pseudo-twin-related lamella from a pseudo-
twin, diffraction patterns from the <0T1]y//<101];
zones for a pseudo-twin-related lamella and <1107y
zone diffraction patterns for a pseudo-twin should be
used.

The diffraction identification criterion among the
four twin relationships in y-TiAl is summarized in
Table 1.

5. Conclusions

The four twin relationships in y-TiAl have been crys-
tallographically studied. Based upon this analysis, the
following conclusions can be drawn:

1. Crystal orientations between deformation twins
and the matrix in TiAl are 180°-rotationally symmet-
ric about the twinning direction {112). Contrarily,
the crystal orientations between two twin-related

lamellar laths are related by a 180°-rotational sym-
metry about the lamellar interface normal [111].

2. Atomic arrangements across a true-twin plane
and a true-twin-related lamellar interface are similar,
but the atomic arrangements across a pseudo-twin
plane and a pseudo-twin-related lamellar interface are
quite different. This is due to the structural change
from L1, to L1; upon pseudo-twinning. Atoms at the
true-twin plane and the true-twin-related lamellar in-
terface do not violate the atomic order in both crystals
while those at a pseudo-twin plane and a pseudo-twin-
related lamellar interface violate the atomic order.

3. The true-twin and true-twin-related lamellae
cannot be distinguished between using <110) zone
diffraction patterns. Similarly, not every <110) zone
diffraction pattern is sufficient to distinguish between
any two different twin relationships. A true-twin and
a pseudo-twin can be distinguished only by using
{1071] zone diffraction patterns, while a true-twin and
a pseudo-twin-related lamellae can be distinguishable
only by using <110] zone diffraction patterns.
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