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Electron diffraction and HREM image
characteristics from quasicrystalline phases
in alloys of AlI-Mn and AlI-Mn-Si

R. PEREZ

Laboratory De Cuernavaca, Ifunam, PO Box 139-B, 62191 Cuernavaca mor., Mexico

An investigation of the quasicrystalline phases in rapidly cooled alloys of AlggMn,, and
Al;,Mn,,Sig is carried out. The AI-Mn-Si alloy shows three different kinds of phase, the
icosahedral phase, the crystalline a-type phase and a third phase which resembles the
decagonal T phase found in alloys of Al-Mn. Both kind of compounds (Al-Mn and
Al-Mn-Si) have icosahedral diffraction patterns along similar zone axes whose lowest order
diffracted vectors are different in magnitude. In the past, these extra rings of refiections were
associated with the presence of superstructures. The HREM images obtained along the five-
fold axis display image contrast features of similar characteristics when the specimen thickness
is increased. These kind of images also show high atomic density features which are curved
and modulated in intensity. These features can be seen along the five-fold, three-fold and
two-fold axis. Diffraction patterns along the main icosahedral axis give rise to spots with
characteristic morphology. A qualitative insight on the nature of these effects can be obtained
from simulated images -of density waves in a field of phasons and phonons. The Fourier
transform of these images can also give a qualitative understanding of some features in the

experimental diffraction patterns.

1. Introduction

During recent years a large number of investigations
on the experimental and theoretical aspects of quasi-
crystalline materials have been carried out [1]. On the
experimental side, there are currently a large number
of alloys which, under different composition and
cooling rates, give rise to quasicrystalline phases
with very different characteristics such as icosahedral
phases, decagonal and dodecagonal [2]. Furthermore,
there is already experimental evidence of the presence
of defects and antiphase boundaries in these type of
materials. It is important to mention that conven-
tional transmission electron microscopy of these types
of structures display image contrast characteristics
with strong similarities to those obtained in crystalline
specimens, thus, for example, thickness fringes con-
tours, stacking fault type of fringes, dislocation type
of intensity variations have recently been reported
[3-6]. HREM images, on the other hand, have also
been widely reported [7]. On the theoretical side,
however, very few electron microscope image simu-
lations based on the dynamical theory of electron
diffraction have been carried out [8]. One of the main
reasons for little attention being paid to this topic is
related with the lack, up to the present, of an appropri-
ate atomic structural model for the quasicrystalline
phases. Recent experimental results [9, 10], on the
other hand, have shown that the a-cubic phase of an
Al-Mn-Si alloy could be used as a first approximation
to the icosahedral phase in the same alloy. There is
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experimental evidence which suggests the same kind
of local atomic environment for both types of
structures [9, 10]. Furthermore, a possible atomic
structural model has already been suggested for the
icosahedral phase based on the o-cubic structure [11].
The icosahedral phase in this type of alloy is, there-
fore, one of the few candidates which could be used in
comparison between experimental electron micro-
scope images and theoretical simulations based on the
dynamical theory of electron diffraction. It is in this
context that a more complete electron microscope
investigation in this type of quasicrystalline phase
should be carried out. The work presented in this
communication explores, therefore, some of the prop-
erties and image contrast characteristics of these types
of phase. Particular attention is paid to the icosa-
hedral phases and some qualitative insights are made
on the relationships between image contrast behavi-
our, diffraction patterns characteristics and structure.

2. Experimental procedure

The specimens have been prepared using two popular
rapid solidification techniques. For the Al-Mn-Si
case, a splat-cooling machine has been used. In this
case the samples were prepared in an Ar gas atmo-
sphere and the resulting “splat” was of the order of
50 um thick and 20 mm in diameter. The original
alloy-sphere to be splated was approximately 3 mm in
diameter. The solidification rates obtained with this
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process are in the range of 10° K's™* [12]. The Al-Mn
specimens were, however, obtained in a melt spinning
machine. Ribbons of approximately 3 mm wide and
200 um in thickness were produced. For electron
microscope observations, the samples have been
thinned using an Ar ion beam miiling machine. The
observations were carried out in a JEOL-2000C.

3. Experimental results

The morphology of the alloys is characterized by the
presence of different phases. In the Al-Mn case, as has
been commonly reported, the icosahedral phase is
found surrounded by an Al matrix [13]. The sizes of
the icosahedral domains are commonly in the order
of a few hundred nanometres. In this alloy, however,
there were no signs of the presence of the decagonal T
phase. In the Al-Mn-Si alloy, three main phases can
be found. The crystalline phase commonly known in
these alloys as the o-phase has been obtained and also
the icosahedral phase, which in this alloy displays
different grain sizes. These sizes range from very small
quasicrystalline domains ( ~ 10 nm) up to the usual
domain size ( ~ 1 um). The third phase found in this
compound has some characteristics which are similar
to the decagonal phase found in Al-Mn alloys, the so-
called T phase [13, 14]. It is interesting to mention
that in the past the T phase has been obtained under
slower cooling rates. In this case the AI-Mn-Si alloy
has been prepared under very fast cooling rates
(106 Ks™1).

3.1. Structural characteristics of the phases
found in the AI-Mn-Si alloy

The structural relationships between the icosahedral
phases and the decagonal T phase in the Al-Mn alloy
have been widely studied in the past [13, 14]. The T
phase has been found to be formed when the solidi-
fication velocity decreases. It has also been reported
the coexistence between both phases (T and icosa-
hedral phases) and the epitaxial growth of the T phase
on the icosahedral phase surface. One of the phases
found in the Al-Mn-Si alloy resembles some of the
diffraction patterns of the T phase obtained in Al-Mn.
This is illustrated in Fig. 1. Fig. la shows a BF image
of this type of phase. The characteristic striated image
contrast, which has been identified in the past as one
of the fingerprints of the T phase in Al-Mn [13] can
clearly be seen. Fig. 1b to f shows, on the other hand,
some of the more common diffraction patterns which
correspond to this phase. Similar diffraction patterns
have already been reported in the literature for the T
phase in Al-Mn alloy [15]. The coexistence between
the icosahedral phase of Al-Mn-Si and the phase with
some characteristics similar to the decagonal T phase
is illustrated in Figs 2 and 3. Fig. 2a shows a BF image
of both phases and Fig. 2b and c their respective
diffraction patterns. In this case the icosahedral grain
is oriented close to a five-fold zone axis and the
adjacent phase is, however, oriented along a two-fold
axis. Under these diffraction conditions the interphase
is not sharp as has been previously reported for the
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Al-Mn case [13]. The boundary region is approxim-
ately between 10 and 20 nm wide. Another type of
coexistence is characterized by both phases being
oriented along the same quasicrystalline zone axis.
This is illustrated in Fig. 3 where the icosahedral grain
and the adjacent phases are both oriented along the
three-fold axis. Under these diffraction conditions the
interphase is not well defined, suggesting a continuous
kind of transformation from the icosahedral to the
faulted phase.

3.2. Diffraction patterns morphological
characteristics

Some of the diffraction patterns obtained along the
icosahedral zone axis in both AI-Mn-Si and Al-Mn
alloys display particular morphological characterist-
ics. In some cases clongated spots can clearly be seen.
This is illustrated in Fig. 4a, b and ¢ obtained from the
icosahedral phase in the AI-Mn-Si alloy. Elongated
spots on the five-fold, three-fold and two-fold diffrac-
tion patterns can be easily identified. Furthermore,
some particular spot shapes can also be found, thus,
for example, triangular shapes are commonly ob-
tained in the Al-Mn icosahedral phase. This is shown
in Fig. 5, where a five- and a three-fold diffraction
pattern obtained from this phase show reflections
which have a pronounced triangular shape. Another
characteristic of the reflections in these types of dif-
fraction pattern are related with the asymmetry fre-
quently observed in the overall intensity distribution
on the spots. In some cases subsidiary intensity max-
ima can be seen. This is illustrated in Fig. 6, where
some reflections have an asymmetric distribution of
intensity. One aspect of interest in these icosahedral
diffraction patterns is the presence of superstructure
reflections. As has been previously reported [16], the
icosahedral phase of Al-Mn-Si has diffraction pat-
terns with extra inner rings of reflections associated
with the presence of superstructures in the phases.
This is illustrated in Fig. 7 where diffraction patterns
along some of the main icosahedral zone axis display
this particular kind of behaviour. It is, however, inter-
esting to point out that the same kind of property in
the diffraction patterns can also be obtained in the
icosahedral phase of Al-Mn. Fig. 8 shows five-fold
diffraction patterns from the Al-Mn alloy where this
property can clearly be seen.

3.3. Image contrast features in HREM
images

HREM images of quasicrystalline structures obtained
along the main icosahedral zone axis have been widely
studied in the past [7]. The lack of an appropriate
atomic structural’ model has, however, generated
few attempts to theoretically simulate these type of
HREM images [8]. Mainly qualitative comparisons
between image contrast characteristics and theoretical
predictions have, therefore, been carried out [17]. One
of the main image contrast features pointed out in the
literature is related with the strong modulation in
intensity that some high atomic density rows in these



Figure I (a) BF image of a phase of Al-Mn-Si which resembles the T phase in AI-Mn. (b)-(f) Common diffraction patterns from this phase
along different zone axis.

Figure 2 (a) BF image of the coexistence between the icosahedral phase and the other phase where some diffraction patterns resemble the T
phase (I icosahedral; IT the other phase). (b), (c) Their respective diffraction patterns, the icosahedral phase along a five-fold zone axis and the
adjacent phase along a two-fold axis.
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Figure 3 (a) BF image of the coexistence between the icosahedral phase and the phase which resembles the T phase (I icosahedral;
IT the other phase). Both phases are oriented along the same quasicrystalline zone axis. (b), (c) Their respective diffraction patterns.

(b)

Figure 5 (a) Five- and (b) three-fold diffraction patterns from the
icosahedral phase of Al-Mn. Triangular shape reflections can
clearly be seen.

Figure 4 Diffraction patterns along (a) the five-fold, (b) the three- Figure 6 Reflections from a three-fold icosahedral diffraction
fold and (c) the two-fold zone axis. All the diffraction patterns show pattern which show appreciable asymmetry distribution of electron
pronounced elongated spots. intensity.
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Figure 7 Diffraction patterns along the five-fold and the three-fold
zone axis from Al-Mn-Si. (a), (b) Normal diffraction patterns. (c), (d)
An inner extra ring of reflections can be seen along the five-fold and
three-fold zone axis.

types of HREM images can commonly be seen. This is
illustrated in Fig. 9 where HREM images along the
five-fold, three-fold and two-fold from the icosahedral
phase of Al-Mn-Si are shown. The strong modula-
tions in the atomic rows can clearly be seen along
particular directions (Fig. 9a) in the images obtained

Figure 8 Five-fold diffraction patterns from Al-Mn. (a) Normal
diffraction pattern. (b) Extra inner ring of reflections.

along the five-fold axis. The images obtained from the
same specimen along the three-fold and the two-fold
axis do not, however, indicate this type of image
contrast behaviour (Fig. 9b and c). It is interesting, on
the other hand, to point out that some HREM images
along the two-fold and three-fold axis show in particu-
lar cases the curved rows of modulations in intensity
(Fig. 10a and b).

Another interesting feature commonly found in
HREM images obtained along the five-fold axis is
illustrated in Fig. 11. Similar image contrast features
regions can clearly be seen from this figure. The
dimensions of these features are related in dimensions
approximately through the constant t=1.61 and
increases in size as the thickness of the specimen is
increased.

4. Discussion
Various theoretical approaches have been discussed in
the literature for the qualitative analysis of the quasi-
crystalline structures [17-20]. An approach which
closely resembles some of the image contrast features
obtained in HREM images of icosahedral phases is
based on the density wave technique [17]. Density
wave images can also resemble the image contrast
features obtained in scanning tunnelling images of the
icosahedral phase along the five-fold axis [21].

In a density wave description the mass density p(r)
is expanded in a Fourier series

Y. pgexplig )

gelr

plr) =
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Figure 9 HREM images of Al-Mn-Si. (a) Along the five-fold axis.
Strong modulations along high intensity rows can be seen. Some
rows have appreciable curvature. (b) Along the three-fold axis and
(c) Along the two-fold axis.

where g is a reciprocal vector and Ly is the reciprocal
lattice. Each p, is a complex number with an ampli-
tude p, and a phase ¢,. For pentagonal type of
structures a choice for p, consists of the five vectors
that point to the vertices of a pentagon. ¢, in this case
can be written as

¢gn =

where spatial variations in # give rise to propagating
phonons and the w variable is close related with
phasons firstly defined in incommensurate crystals
[17]. Calculations based on this approach are illustra-
ted in Fig. 12. Fig. 12a shows a density wave image
obtained by summing five pentagonally oriented dens-
ity waves where ) ¢, = 0. Fig. 12b shows the same
kind of image as in Fig. 12a, however, a dot is placed
at all points r where p(r) exceeds 70% of the maximum
value. From this figure straight high density rows can
clearly be seen. Fig. 12¢ shows the calculated Fourier

ug, + aw'gs,
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Figure 10 (a) HREM image obtained along the three-fold. Strong
modulations can be seen. (b) HREM image along the two-fold axis.
Some of the high intensity rows are curved.

Figure 11 HREM image obtained along the five-fold zone axis.
Similar image contrast features regions can clearly be seen.

transform obtained from Fig. 12a. Ten spots associ-
ated with the five-vectors used to generate the image
are shown. Fig. 13, on the other hand, shows the case
where a spatial variation of # and w is taken into
account. In contrast to Fig. 12, the high density
regions remain along rows but the rows are sometimes
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Figure 12 (a) A perfect pattern (3 ¢, = 0) obtained by summing
five pentagonally oriented density waves. (b) As (a) but high
intensity values are displayed. (c) Fourier spectrum obtained
from (a).

Figure 13 (a) Density wave image assuming a sinusoidal spatial
variation of # and w. Shifted and curved high-density rows can be
seen. (b) As (a) but only high intensity values are displayed.

(c} Spectrum obtained from (a). Deformed reflections can be clearly
seem.
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Figure 14 (a) Perfect pattern (3. ¢, = 0) of density waves along a three-fold axis. (b) Density wave image along the three-fold axis with spatial
variation in .
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shifted and in some regions pronounced curvature can
be seen. The calculated spectrum, on the other hand
shows deformed spots with subsidiary maxima. Inter-
estingly, some experimental micrographs shown in
Section 3 resemble these image contrast features. The
same kind of behaviour can also be obtained for
density wave images along other icosahedral zone
axes. This is illustrated in Fig. 14 where a three-fold
density image is displayed.

5. Conclusions

The results presented in this communication show
HREM image features and electron diffraction
characteristics which are commonly present in the
quasicrystalline phases from alloys of Al-Mn and
Al-Mn-Si. Some qualitative insights on these particu-
lar features can be obtained by just generating the
images and their corresponding spectrum produced
by density waves in a field of phasons and phonons. In
the Al-Mn-Si case, which was obtained at fast cooling
rates, phases which are closed approximants to the
decagonal phase in Al-Mn can be found. There is also
experimental evidence which indicate that superstruc-
ture reflections can also be found in quasicrystalline
phases of Al-Mn>
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