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Coherent orientation relationship among various quasicrystalline
and crystalline phases in rapidly solidified AlysMn»oGes, alloy
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Rapidly solidified Al;sMnzGe; alloy exhibits a curious structural feature; this corresponds
to the simultaneous occurrence of almost all the quasicrystalline phases, e.g., primitive and
face-centered icosahedral phase, rational approximant, and a new metastable cubic phase.
The cubic crystalling phase shows yet another type of recently observed twin relation
which effectively produces an icosahedral symmetry, a feature that has so far been specific
to alloy systems Al-Mn—S8i and Al-Mn-Fe—Si only. The diffraction evidences obtained
in the present investigation reveal that the orientation of the structural subunit, which is a
MacKay icosahedron, remains invariant across the various interphase boundaries. These
results elucidate clearly the structural interrelationship among the various phases.

I. INTRODUCTION

Since the original discovery of an icosahedral
quasicrystalline phase! in a rapidly solidified Al-Mn
alloy, several other types of quasicrystalline and related
phases have been found in different alloy systems.””
Thus the family of quasicrystalline phases includes
primitive and face-centered icosahedral, decagonal, ra-
tional approximants, and one-dimensional quasiperiodic
structures. Out of the above-mentioned quasicrystalline
phases, the face-centered icosahedral (FCI}y quasicrystal
has been discovered recently”!® and its occurrence is
limited as far as we know to the alloy system in a
specific compositional range in the alloys typified by
AlgsCuzpMys (M = Cr, Mn, Fe, Ru, and 0s).% Thus,
it is not yet understood whether the occurrence of the
FCI type quasicrystal is more general or restricted to
only certain alloy systems with specific compositional
ranges. Furthermore, the various quasicrystalline phases,
e.g,, icosahedral and decagonal phases, have been
found to exhibit a coherent orientational relationship
during their growth and/or transformation processes.'''?
The coherent orientational relationship has also been
found between icosahedral quasicrystalline and crys-
talline phases.'>'* These orientational relationships
have indicated a close structural linkage between
different quasicrystalline and corresponding crystalline
structures. For example, it has been pointed out that
a common structural subunit, e. g., MacKay icosahedra
(MI), maintains parallelism of its orientation across
the quasicrystalline and crystalline phase boundaries.'?
This parallelism of MacKay icosahedra has also
been found to exist in the polycrystalling aggre-
gates of a rapidly solidified Al-Mn-Fe-Si alloy.'*
The aforesaid interrelationships have demonstrated
an orientational relationship between quasicrystalline-
quasicrystalline and quasicrystalline-crystalline phases,
etc.; however, a specific interrelationship has been
observed in specific alloy systems only.!1
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The present communication deals with the detailed
TEM investigation of the occurrence of quasicrystal-
ling and related crystalline phases in a rapidly solidi-
fied Al;sMnyGe, alloy. It may be pointed out that this
alloy system with higher Ge concentration (>2 at. %)
has been investigated by Schaefer and Bendersky'? and
Mukhopadhyay et al."” in regard to the occurrence of ico-
sahedral and decagonal phases. The rapidly solidified
alloy AlssMnyyGe, investigated in the present work is
unique in the sense that it exhibits the simultaneous
occurrence of almost all the quasicrystalline and related
phases reported so far. Another remarkable cbservation
found in this investigation is that the orientational invari-
ance of the icosahedral motif occurs across the phase
boundaries of all these phases. In the present study it
has been shown that the irrational twin variants can
also be related by noncrystallographic (irrational) mirror
planes of the type (7,77, 1). Based on this relation simu-
lation of the observed EDP’s from the twin variants has
been carried out. Diffraction evidences showing the route
of the icosahedral-to-crystalline transformation is also
presented.

. EXPERIMENTAL

Pure (99.99%) constituent metals Al, Mn, and Ge
were taken in the atomic ratio of Al;sMnyGe, and were
melted by R.F. heating under argon atmosphere in a sil-
ica tube. The ingot was then subjected to melt-spinning
(copper wheel of 13.7 cm diameter, 3500 rpm). The rib-
bons formed were of 1 to 2 mm width and 30 to 40 um
thickness. The ribbens were then electropolished (80%
ethanol 4+ 20% perchloric acid) and subjected to electron
microscopic investigation at 100 KV (Philips-CM-12).

lll. RESULTS AND DISCUSSION

The icosahedral quasicrystal and related phases have
usually been observed in diverse alloy systems. How-
ever, during the electron microscopic characterization
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of the present alloy it has been found that almost ail
types of quasicrystalline phases related with icosahedral
point-group (e.g., primitive and face-centered icosahe-
dral, decagonal, and rational approximant structures) are
simultaneously present in this system. Together with
these phases a new cubic crystalline phase has also been
observed. The selected area diffraction (SAD) study of
the various local areas reveals that all the phases bear a
well-defined orientational relation amongst themselves.
The cubic phase has been found to show an unusual
type of twin relation within itself. The occurrence of
various quasicrystalline and crystalline phases and their
coherent orientational relationship are described in the
next section.

A. Simple and face-centered icosahedral phases

Figures 1{a) and 1{b) show the 2-fold zone axis
patterns from primitive and face-centered icosahedral
phases, respectively. Pattern (a) contains both types of
spots (spots along 5-fold directions scaling by both 7 and

7%) whereas pattern (b) contains spots scaling only by
7, indicating the nonprimitive type of reciprocal lattice
(Ebalard, 1989). The superlattice spots occurring along
the 5-fold direction due to the nonprimitive type of
lattice are indicated by arrows. The indexing of this
pattern [Fig. 1(b)] has been accomplished and it has been
found that all the spots have either all even or all odd
indices. Figures 1(c) and 1(d) show 5-fold and 3-fold
patterns, respectively, from the face-centered icosahedral
(FCI) phase. It should be pointed out that the FCI
phase has been observed mostly in the alloy system
AlgsCupM;s (M = Cr, Mn, Fe, Ru, and Os).® The only
alloy known so far that exhibits the FCI phase and
does not contain copper is AlPd;sMnys.'® The rapidly
solidified Al;sMnygGes alloy represents yet another alloy
system in this category.

B. The crystalline phase and irrational twinning

Figures 2(a), 2(b), and 2(c) show the [001}, [111].
and [111], respectively, zone axis diffraction patterns of

FIG. 1. Selected area diffraction (SAD) patterns showing the presence of both primitive and face-centered icosahedral phase (FCI) in
Al-Mn-Ge: (a) Twofold SAD pattern from primitive I-phase. (b—d} SAD patterns, respectively, along 2-fold, 5-fold, and 3-fold zone

axes from FCl phase.

54 J. Mater. Res,, Vol. 7, No. 1, Jan 1992




by
ice
\ng
of
his
en
dd
old
Iral
iCl
em
nly
and
dly
loy

11},
s of

oD in
| zone

N.FP. Lalla, R.S. Tiwari, and O. N. Srivastava: Coherent orientation relationship among various guasicrystaliine and crystalline phases

FIG. 2. SAD patterns from cubic crystaline phase of Al-Mnr—Ge
showing (a) [001], (b) [111], and {c) {111] sections of the corre-
sponding reciprocal lattice.

- the cubic phase with lattice parameter 12.6 A. Keeping

in view the similarity of the observed EDP’s, its crystal
structure can be assigned as the crystal structure of
a—Al-Mn-Si.1 The Al-Mn-Ge equilibrium phase
diagram features only one phase having the Cu,Sb
type.crystal structure with space group P*/nmm.'® Thus
the crystalline phase observed in the present investi-
gation (Fig. 2) is a new phase that is isostructural to
a—Al-Mn-§i. '

Figures 3(a}, 3(b), and 3(c) show the SAD patterns
obtained from the Al-Mn—Ge phase exhibiting 5-fold,
2-fold, and 3-fold symmetries, respectively. These pat-
terns bear strong resemblance to the composite twin pat-
terns reported for a—Al-Mn—Si by Koskenmaki et al.
(1986)'* and for bcc Al-Mn—Fe—Si by Bendersky ef al.
(1989).'* The latter authors have shown that these types
of patterns arise due to an unusual type of twinning
among cubic variants. The lattices of the different cubic
variants are related to each other by 72° rotation about
a [7,1,0] type of irrational axis and hence this type
of twinning may be called irrational twinning. This is
unusual in the sense that they do not possess coincidence
site lattices (CSL).™ Here, these variants have one
common feature, the presence of icosahedral motifs
(MacKay-Icosahedra, MI) in their structures. In this
type of twinning the lattices are flipping from one
crystal to another in such a way that the orientation
of the icosahedral motif remains invariant. This can be
represented diagrammatically as in Fig. 4 for a two-
dimensional square lattice having a pentagonal motif.
The orientational invariance of a pentagonal motif can be
seen in this noncoincidence site lattice type of twinning
of 2D square crystal. Simulation of the EDP’s showing
the icosahedral peint group has been done by Bendersky
et al. (1989),' taking into consideration the bee (lattice
points only) structure. However, it may be pointed out
that these twin variants can also be related by irrational
mirror planes of the type (1,7, 7). Such type of mirror
operation will leave the orientation of the icosahedral
motif (MI) unchanged across the grain boundaries. Since
the orientation of the icosahedral motif is invariant
across the grain boundaries, the orientation of the lattice
corresponding to different variants will depend only on
the position of glue atoms. This mirror relation directly
elucidates the required changes in the glue atoms. On the
basis of this mirror relation it can also be discerned that
these irrational twins will be low energy configurations
only when at the interface the two structures share
the same icosahedral motif, since this configuration
will have either zero or minimum strain at the twin
boundary.

The generation of the different variants can be given
as follows:

Va = ViM(1)
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FIG. 3. Composite electron diffraction patterns (EDP’s) from irrational twin variants and I-phase grains along equivalent (a) 5-fold zone axis
[(350) spots indicated by arrows from five different irrational twin variants confirm the presence of [530] orientation]. (b) Twofold zone axis
and (c) 3-fold zone axis containing only two variants of (111} type of orientations; spots indicated by arrows are from I-phase. (d) shows
[13,5,0] crientation (spots indicated by arrows) together with [111] orientation.

Vi = VoM (2) ) 1 P

Vi =V M(3) M(4) = 517 e

Vs = ViM(4) T Lo

The variants related through 5-fold rotation about [7, 1, 0}

can also be generated by the operation of the following
rotation matrix M(R}:

Here Vi, Va.... and Vs are the zone axes of the first,
second. ... and fifth variants, respectively, and M, M»,
M, and M, are the matrices corresponding to the mirror

relation across the planes (1,7,72), (.73, 1), (1, 7,79, [T 11
and (7,72, 1), respectively. MR)y=-|r" 1 -t
_ 1 . O
1 T -7 1
M(1) = =% - 1 T The zone axes of the five cubic variants responsibie
L 1 T —7 1] for the generation of icosahedral-point-group can be
obtained either by mirror relation or rotation relation
] 19 using the above matrices and are listed in Table L
M(2) = 1 gt _1 Using the mirror and rotation relations, based on the
21 . crystal structures of a—Al-Mn—Si (Pm3), EDP has
) i been simulated. Figures 5(a), 5(b), and 5(c) present the
i . simulated EDP’s corresponding to 5-fold, 2-fold, and
1 7. 77 -1 3-fold of irrational twin. For the simulation of the
M@ =5|-7" 1 T 5-fold, 2-fold, and 3-fold EDP’s, {530), {100), and
L -1 -7 T {111) directions have been chosen, respectively, for
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O

SQUARE UNIT CELL
HAVING A PENTAGONAL
MOTIF

FIG. 4. Schematic representation of (fwo-dimensional) irrational twin
of two square lattices having pentagonal metifs. The presence of nan-
coincident lattice sites at the boundary can be seen. The orientational
invariance of pentagonal motifs across the grain boundary can also
be noticed.

the matrix operation. Comparison of the experimentally
observed and corresponding simulated patterns shows
that Figs. 3(a) and 3(b) are the true representatives
of five irrationally twinned cubic variants. Figure 3(c)
contains only two variants of the (111} type, and the
remaining three of the (13.5,0} type of orientations
are absent. The additional spots in the experimental
patterns are due to the I[-phase. Presence of the {13, 5,0}

TABLE I. Relation among zone axes of five crystalline varianis
producing icosahedral symmetry.

Zone axes
Variants 5-fald 3-fold 2-fold
Varianis related by mirrors
1st 5,3,0 1,1,1 1,0,0
2nd 5,3,0 11,1 8,3.5
3rd 5,3,0 5,13,0 5,8,3
dth 5,3,0 0,5,13 8,3,5
3th 5,30 0,3,13 5,8,3
Yariants related by rotation
1st 53,0 1,11 1,0,0
2nd 5,3,0 13,0,5 8,3,5
3rd 5.3.0 13,0,5 5,8,3
4th 5,3,0 1,1, 5,8,3
5th 5,3,0 5,13,0 8,3,5

type of orientation of primitive cubic variants is evident
from the SAD shown in Fig. 3(d). The high resolution
electron micrographs taken from the region exhibiting
2-fold [Fig. 3(b}] and 3-fold [Fig. 3(c)] SAD patterns
due to irrational twinning are shown in Figs. 6(a) and
6(b), respectively. Figure 6(a} depicts the high resolution
fringes corresponding to {100} planes, confirming the
crystalline nature of the region. In Fig. 6(b) the {111}
and (13, 5, 0) types of variants (indicated by arrows) are
also quite evident,

In passing, it may be mentioned that in addition to
the diffraction spots due to twin variants, the spots due
to the icosahedral phase are invariably present in Fig. 3.
This is in accordance with the earlier observations'®?"
that the crystalline variants are formed due to the crys-
tallization of the icosahedral phase. Consequently an
orientational relationship among all the crystalline vari-
ants and icosahedral phase would result.

C. Orientation relation among icosahedral,
decagonal, and crystalline phases

In the above discussion we have seen that the orien-
tation of motifs remains invariant across the boundaries
of the irrational twin variants of a cubic phase. This
feature shows its presence in a more general way in
this alloy. Figure 7 shows a superposition of icosahedral
2-fold and a decagonal 2-fold. It can be noticed that
the 5-fold direction of the i-phase is parallel to the
10-fold direction of the decagonal phase, representing
the same invariance of MacKay-Icosahedra that is the
basic unit for these quasicrystalline structures. This is
a case of icosahedral-to-decagonal transformation. Such
type of orientation relation has already been reported.'*:'?
Figures 8(a) and 8(b) show the SAD pattern and high
resolution micrograph from a region where the crys-
talline cubic phase and decagonal phase both are co-
existing, have a well-defined orientation relation. Even
though the cubic-twin does not form directly from the
decagonal phase, it exhibits an orientation relationship
because it is derived from the same parent icosahedral
phase. In Fig. 9(a) the [001] is parallel to the F type
2-fold of the decagonal phase and the line parallel to
the 10-fold direction passes through the (530) reflection,
showing that the 10-fold of decagonal is parallel to the
[530] direction of the cubic phase. Here once again
the orientational invariance of the icosahedral motif is
maintained.

D. Rational approximants

While the ideal quasicrystal is expected to exhibit
strict icosahedral symmetry, observed patterns from
many alloys show deviations. These have been ascribed
to phason defects or analyzed on the basis of rational
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FIG. 5. Simulated EDP’s of mirror related five irrational cubic twins
{a—Al-Mn-Ge) showing icosahedral point group. (a—c) are along
equivalent 5-fold, 2-fold, and 3-fold zones.
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FIG. 6. High resolution micrographs of irrational cubic twins in the
equivalent (a) 2-fold orientation and (b) 3-foki orientation. Variants
in [111] aad [13,5,0] orientation are indicated.

approximants (RA).? Figures 9(a), 9(b), and 9(c) show
the SAD from rational approximant structures in the
Al-Mn-Ge system.

IvV. SUMMARY

Thus from the above discussions we see that in
the rapidly solidified AlgMnyGe, system almost all
the quasicrystalline related phases grow during rapid
solidification having a unique orientational relationship
among themselves, The basic building block of all these
phases, the icosahedral motif, remains invariant across
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FIG. 7. Composite electron diffraction patterns from icosahedral and
decagonal phases. The 3-fold direction of the 1-phase is parallel to the
10-fold direction of the decagonal phase.

their grain boundaries. Keeping in view the group-
subgroup relation,” it appears that the primitive icosahe-
dral phase forms in the melt and subsequently undergoes
transformation to the other phases, such that the ori-
entation of the motif remains invariant. The present
results clearly show the structural interrelation among the
various known quasicrystalline and crystalline phases.
The simulation studies of EDP’s corresponding to irra-
tional twin-variants reveal that the structures of different
crystalline variants are related by mirrors of (1,7,7%)
type planes. It may be pointed out that although various
studies in different alloy systems indicate a close rela-
tion between quasicrystalline and crystalline phases, this
feature has been manifested in a more general manner
by Al;xMngyGe;. These observations are of considerable
importance from the viewpoint of the study of detailed
atomic structures of quasicrystalline phases, especially
in structural modeling.
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