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quasicrystalline and related phases
VARSHA KHARE, R S TIWARI and O N SRIVASTAVA*
Department of Physics, Banaras Hindu University, Varanasi 221 005, India
MS received 10 November 2000
Abstract. We have investigated Fe substituted versions of the quasicrystalline (qc) alloy corresponding to
Al65Cu20(Cr, Fe)15 with special reference to the possible occurrence of various quasicrystalline and related
phases. Based on the explorations of various compositions it has been found that alloy compositions
Al65Cu20Cr12Fe3 and Al65Cu20Cr9Fe6 exhibit interesting structural phases and features at different quenching
rates. At higher quenching rates (wheel speed ~ 25 m/sec) all the alloys exhibit icosahedral phase. For
Al65Cu20Cr12Fe3 alloy, however, both the icosahedral and even the decagonal phases get formed at higher
quenching rates. At higher quenching rate, alloy having Fe 3 at% exhibits two bcc phases, bccI (a = 8⋅⋅ 9 Å) and
bccII (a = 15⋅⋅45 Å). The orientation relationships between icosahedral and crystalline phases are: Mirror
plane || [001]bcc I and [351]bcc II, 5-fold || [113]bcc II and 3-fold || [110]bcc II. At lower quenching rate, the alloy
having Fe 6 at% exhibits orthorhombic phase (a = 23⋅⋅6 Å, b = 12⋅⋅4 Å, c = 20⋅⋅1 Å). Some prominent orientation
relationships of the orthorhombic phase with decagonal phase have also been reported. At lower quenching rate
(~ 10 m/sec), the alloy (Al65Cu22Cr9Fe6) shows the presence of diffuse scattering of intensities along quasiperiodic direction of the decagonal phase. For making the occurrence of the sheets of intensities intelligible, a
model based on the rotation and shift of icosahedra has been put forward.
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Introduction

The important discovery of icosahedral quasicrystal
(Shechtman et al 1984; Shechtman and Blech 1985) and
then of decagonal quasicrystal (Chattopadhyay et al 1985;
Bendersky 1986) both in Al–Mn system have opened
various channels to investigate quasicrystals. The nature
and concentration of minor elements in alloy affect significantly the properties of quasicrystals (Singh and Ranganathan 1991) e.g. in Al–Cu–TM, (TM ≡ transition metal),
TM decides the type of quasicrystals. Co, Rh, Ni favour
the formation of decagonal quasicrystals and Cr, Mn, Fe,
Ru and Os favour the formation of icosahedral quasicrystals (Tsai et al 1987, 1988, 1989; He et al 1988,
1990). While Mn, Co, Fe, Ru, Os form stable quasicrystalline phase, with other TMs the phase is metastable.
From the above, it is clear that the type of transition
metals is the deciding factor in the quasicrystalline phase
stability and therefore it is expected that substitution of Fe
in place of Cr will make significant effect on the formation of various quasicrystalline phases. However, it is
believed that in many intermetallics including quasicrystals, the combined effect of these two elements in
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regard to phase formation is similar to the effect produced
by a single element. Janot et al (1986, 1988), while studying the icosahedral Al–Mn structure, have successfully
substituted (isomorphous) Mn by (Fe, Cr) and found that
the equiatomic mixture of Fe and Cr produces effects
similar to those expected from Mn. But substitution of Fe
by Cr shows that regarding phase formation these two
elements behave differently e.g. Liu et al (1992) have
shown that Al–Cu–Fe system exhibits the face-centred
icosahedral while Al–Cu–Cr system corresponds to the
primitive, icosahedral phase.
Yet another factor which affects the formation of various quasicrystalline and related phases is the quenching
rate, e.g. Liu et al (1992) have shown for Al–Cu–Cr (Fe)
system that as the quenching rate increases the icosahedral
phase formation increases while at low quenching rate
abundance of decagonal phase increases. Similarly other
workers (Shaefer and Bendersky 1986; Thangraj et al
1987) have shown that the formation of decagonal phase
gets promoted by solidification rate lower than that of the
icosahedral phase.
Keeping the above factors in view, the present investigation deals with the effect of quenching rate and substitutional variation of Cr by Fe in Al65Cu20Cr15 alloy. It is
noteworthy here that the present investigation is broadly
in agreement with results of other workers for several of
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quenching rates i.e. at higher quenching rate (~ 25 m/sec),
the decagonal phase is less abundant while at lower
quenching rate (~ 10 m/sec) there is propensity of decagonal and related phases. However, the details of morphological studies and phases have not been discussed in
earlier studies. At higher cooling rate, upon changing the
Fe concentration, various interesting results have been
obtained, e.g. as the Fe concentration increases diffuse
intensity in diffraction pattern and volume fraction of FCI
phase decreases in comparison to primitive icosahedral
phase. It has been observed that FCI phase persists in
alloy containing 3 at% Fe while other compositions
exhibit purely primitive I phase, the alloy containing 3
at% Fe exhibits various crystalline phases e.g. two bcc
(a ≈ 8⋅9 Å, ≈ 15⋅42 Å) and an orthorhombic (a ≈ 23⋅6 Å,

b ≈ 12.4 Å, c ≈ 20⋅1 Å) phase along with decagonal and I
phase. It also exhibits some novel orientation relationship
between icosahedral and aforesaid crystalline phases. The
alloys having 5 and 6% Fe concentration exhibit purely
icosahedral phase.
Yet another remarkable observation is that at lower
quenching rate, there is no trace of icosahedral phase in
the alloys having 5% and 6% Fe. However, the alloy
having 3 at% Fe shows some special orientation relationship of decagonal with icosahedral and orthorhombic
phases. This type of observation is first of its kind. The
alloy having composition Al65Cu20Cr9Fe6 exhibits various
interesting features e.g. presence of diffuse scattering
which are stronger in the alternative rows in the diffraction pattern of decagonal phase. In order to explain

Figure 1. Electron diffraction patterns (EDPs) representing the characteristic reciprocal sections from
primitive i phase (a) 2-fold, (b) 3-fold, (c) 5-fold and (d) face centred icosahedral (FCI) phase.
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the above observation a schematic model has been put
forward. Along with this a crystalline (orthorhombic)
phase and its orientation relation with decagonal phase
has been obtained. In several local regions icosahedral to
decagonal transformation through modulation has also
been obtained.

– 20°C. The TEM samples were examined using a Philips
CM-12 electron microscope.

2.

3.1a Quasicrystalline phase: TEM explorations of
as quenched Al65Cu20Cr12Fe3, Al65Cu20Cr10Fe5 and
Al65Cu20Cr9Fe6, invariably show the presence of known
icosahedral phase (quasi lattice constant ar = 4⋅56) i.e.
primitive icosahedral phase (PI). Figures 1a–c are the
representative selected area diffraction pattern (SAD) of
PI phase along 2-fold, 3-fold and 5-fold axes. However, in
addition to this, the alloy composition Al65Cu20Cr12Fe3,
exhibits FCI phase also. Figure 1d is the corresponding
SAD pattern of FCI phase. As indicated by arrows in
figure 1d the extra superlattice spots along 5-fold axis are
indicative of FCI phase. As Fe concentration increases by
5 and 6% the FCI phase disappears. Thus from this observation, it is clear that the FCI phase which is present in
pure Al–Cu–Cr system (Khare et al 1995) persists in
Fe 3% but at higher Fe concentration there is no trace of

Experimental

The Fe substituted alloy with different compositions
Al65Cu20Cr15–xFex (x = 1, 3, 5, 6) were prepared by melting Al (99⋅99%), Cu (99⋅99%) and Cr (99⋅99%) using
an R.F. induction furnace in argon atmosphere. Rapidly
solidified ribbons were cast by melt spinning in argon
atmosphere using single copper wheel rotating at surface
quenching rates of 10 m/s and 25 m/s. The gross structural
characterization of the as quenched material was carried
out through a Philips PW-1710 X-ray diffractometer with
graphite monochromator. For detailed structural characterization the melt spun ribbons were subjected to transmission electron microscopy (TEM). Thin foils for TEM
were prepared by electrolytic thinning in a solution of
67 vol.% of methanol and 33 vol.% of nitric acid at

3.

Results and discussion

3.1 Observations at higher quenching rate (25 m/s)

Figure 2. Electron diffraction patterns of Al65Cu20Cr12Fe3 depicting orientation relationship [bccI (a = 8⋅9 Å) and bccII
(a = 15⋅42 Å)] with icosahedral phase: (a) M || [001]bccI, (b) M || [351]bccII, (c) 5-fold || [113]bccII and (d) 3-fold || [110]bccII. Figure c
depicts partial ordering, which is complete in figure d.
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FCI phase. In addition to this, Al65Cu20Cr14Fe3 concentration also exhibits decagonal phase in local regions, which
is remarkable and first of its kind in Al–Cu–Cr system
because in this system decagonal phase is reported at
lower quenching rate only.
3.1b Occurrence of crystalline phases and their orientation relationship with icosahedral phase: Another interesting characteristic exhibited by Al65Cu20Cr12Fe3, corresponds
to the occurrence of two crystalline phases i.e. bccI
(a ≈ 8⋅9 Å), bccII (a ≈ 15⋅42 Å) and orthorhombic (a ≈
23⋅6 Å, b ≈ 12⋅4 Å, c ≈ 20⋅1 Å) phases and then well
defined orientation relationship with i phase.
As mentioned earlier, the foregoing crystalline bcc
phases observed in the present investigations were found
to exhibit a definite orientation relationship with the icosahedral quasicrystalline matrix. Figures 2a–e show
superimposed patterns of the icosahedral and crystalline
phases. A careful analysis of the patterns shown in figures
2a, b suggest that mirror zone [0 τ 1] of i phase is parallel
to [001] of bccI (8⋅9 Å) and also parallel to [351] of bccII
(a = 15⋅42 Å) (indicated by I → icosahedral and C → cubic). The detailed analysis of figures 2c–d shows that the
basic spots of bccII phase emerging partially in figure 2c
are indicative of the occurrence of super-position of the
phase with i phase (indicated by arrow). Here it is noteworthy that 5-fold is superimposed with [113] zone
of bccII phase and it is also clear from the analysis that
2-fold direction of i phase is parallel to [110] direction of
crystalline phase. Further in figure 2e it can be seen that
[111] type zone of bccII is parallel to 3-fold axis of the
icosahedral phase.
Yet another factor which affects the formation of various quasicrystalline and related phases is the quenching
rate, e.g. Liu et al (1992) have shown for Al–Cu–Cr(Fe)
system that as the quenching rate increases, the icosahedral phase formation increases while at low quenching
rate phase fraction of the decagonal phase increases.
Similarly other workers (Tsai et al 1989; Liu et al 1992)
have shown that the formation of decagonal phase was
promoted by solidification rate lower than that (in some
cases e.g. alloy with Fe 3%) of the icosahedral phase. In
the present investigation it is interesting to note that at
higher quenching rate decagonal phase along with well
defined orientation relationship with other phases occurs.
Another remarkable observation in the alloy containing
Fe 3 at% is the modulation in the bccII (a = 15⋅42 Å)
which also shows that it is closely related to decagonal
phase. Figure 3a shows the [110] zone of bccII. In figure
3b, it is clear that this phase is a modulated version of the
one shown in figure 3a. The detailed analysis of these
SAD patterns clearly indicates that primarily, it is bcc
(a ≈ 15⋅42 Å) which has undergone modulation along
[112] direction as indicated by open arrows. Extra spots
are indicative of modulation. One can also notice that
these spots exhibit stronger intensities after certain period,

which shows closer relationship between the two bcc
phases. It can be easily noticed from figure 3b that
〈112〉 (bccI) || 〈110〉 (bccII). Additional feature which is noticeable in the SAD pattern is that the intensity modulation is
reminiscent of the decagonal phase corresponding to twofold zone (indicated by solid arrows) which has persisted
in this.
3.2

Observations at low quenching rate (10 m/s)

3.2a Quasicrystalline phase and its orientation relationship with other phase: At low quenching rate TEM
explorations of meltspun Al65Cu20Cr15–xFex (x = 3, 5, 6)
exhibit various sections of decagonal phase while icosahedral phase is absent in Fe 5% and Fe 6% alloy. In addition to this decagonal phase the alloy composition having
Fe 3% exhibits some important orientation relationships
of decagonal with i phase and also orthorhombic phase.

Figure 3. Electron diffraction patterns of Al65Cu20Cr12Fe3 of
bccI (a) [110] in which (b) modulation is taking place along
112 direction (indicated by open arrows). Reminiscence of
decagonal phase is indicated by solid arrows in figure b.

Investigation of quasicrystalline alloy
Figures 4a–c represent superimposition of various decagonal zones with orthorhombic phase. A detailed analysis
of figure 4a shows that C type of decagonal phase is
parallel to [217] zone axis of orthorhombic phase (the
nomenclature for decagonal zone is similar as adopted by
Daulton and Kelton (1993)). A careful analysis of the
pattern reveals figure 4b to be the superimposition of L
pattern of decagonal and [113] type zone pattern of orthorhombic phase. Similarly, figure 4c represents the superposition of G-type of decagonal pattern and [002] type
zone of orthorhombic phase. The detailed analysis of
figures 4d, e indicates that J-type of decagonal pattern is
parallel to [110] zone of orthorhombic phase and U-type
of decagonal pattern is parallel to [005] zone pattern of
orthorhombic phase. In passing it may be mentioned that
Dong et al (1994) have obtained three orthorhombic
phases after annealing, while we are getting only one
orthorhombic phase in as quenched alloy. Thus it may be
concluded that among these three orthorhombic phases,
this orthorhombic phase (a ≈ 23⋅6 Å, b ≈ 12⋅4 Å, c ≈
20⋅1 Å) is more closely related with decagonal phase.
Another curious structural characteristics exhibited by
Fe 3% alloy is the orientation relationship between icosahedral and decagonal phase. Figure 5a represents the
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superimposition of K-type of decagonal phase and 2-fold
zone of the icosahedral phase. Similarly five-fold pattern
of icosahedral phase is parallel to J, A, type of decagonal pattern respectively which is clearly discernible in
figures 5b, c.
3.2b Icosahedral to decagonal transformation: In the
previous section we have discussed the simultaneous
occurrence of the icosahedral and decagonal phases which
bear a well defined orientation relation with each other.
Similar observation has been reported by other workers
for Al–Mn (Shaefer and Bendersky 1986) and Al–Mn–Ni
(Lalla et al 1991) and suggested that the decagonal phase
nucleates and grows epitaxially over the icosahedral
phase. As far as stability is concerned, the decagonal phase
is more stable than icosahedral phase and thus at lower
cooling rate growth of icosahedral phase is suppressed by
the growth of the decagonal phase. But in the present
study the well defined orientation relationship at lower (for
alloy Al65Cu20Cr9Fe6) as well as higher (for alloy Al65Cu20
Cr12Fe3) quenching rate is indicative of the transformation
of the icosahedral phase to decagonal phase through
modulated quasicrystalline phase. This is quite evident as
seen in various electron diffraction patterns (figures 8a–c).

Figure 4. Electron diffraction pattern of Al65Cu20Cr9Fe6 representing orientation relations of crystalline orthorhombic phase with
decagonal phase (a) [217] || C, (b) [113] || L, (c) [002] || G, (d) [110] || J and (e) [005] || U.
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Figure 8a represents three-fold diffraction pattern of the
icosahedral phase. In figure 8b, it is clear that some extra
spots are present along five-fold direction, other than that
of I-phase. These extra spots which are of different intensities are indicative of particular modulation along the
five-fold directions. The detailed analysis of figure 8c
indicates that the modulation has been completed in this
section and gives rise to the pseudo three-fold diffraction
pattern of decagonal phase. The spots along the five-fold
directions indicated by bigger arrows are occurring periodically and corresponds to a periodicity of 12⋅4 Å, which
is exactly equal to the periodicity of the decagonal phase
along the 10-fold direction. The evaluation of distance

Figure 5. Electron diffraction patterns of various superimposed patterns. These superimposed patterns show a well
defined orientation relation between zone axes of decagonal and
icosahedral phase (a) K || 2-fold, (b) U || 5-fold and (c) A ||
5-fold.

Figure 6. Electron diffraction patterns indicating decagonal
phase. It is clear that sheets of diffuse intensities are stronger in
alternative rows.
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between the two periodic spots in figure 8c confirms that
the icosahedral phase is transforming into decagonal
phase. The intensities of the spots due to modulation,
besides those which are indicated by arrows and correspond to the periodicity of decagonal phase have rather
weak intensities and hence are not quite discernible.
3.2c Occurrence of diffuse scattering: Another interesting structural characteristic exhibited by the alloy
having composition Al65Cu20Cr9Fe6 is the presence of
sheets of intensities along the quasiperiodic direction.
Figures 6a, b represent various sections of decagonal
phase. From the above figures it is clear that linear streaks
of intensities are found in all the rows and correspond to
the periodicity of decagonal phase and it is noteworthy
here that in some patterns the diffuse intensity is stronger
in the alternative rows of diffraction pattern. A tentative
model to explain the streaking and variation of intensities
has been proposed: (I) It has been pointed out in various
structural models (Van Tendeloo et al 1988; Satoh et al
1996) that the repeating units in the decagonal phase
along the periodic direction consists of two parts which
are related by screw axis. (II) In the present experiment
Fe has been substituted in place of Cr and it is likely that
there are chemical inhomogeneities/disorder along the
column of the decagonal structure (probably this disorder
may arise due to difference in the radii and difference in
the Pauling valency of the two elements). The Fourier
transforms of these columnar inhomogeneities/structure
would give rise to sheets of diffuse intensities perpendicular to c* axis i.e. perpendicular to the periodic direction. These sheets will give rise to diffuse streaks along
all the aperiodic rows. However, it may be noticed that
the diffuse intensity is stronger in the alternative rows of
diffraction pattern (see figures 6a, b). This can be understood in terms of the shift of motif by half the repeat
period as indicated in figure 7. Such shift would give rise
to strong diffuse intensities in the alternative rows. When
one considers inhomogeneities along the column of the
decagonal phase and half period shift of the motifs, these
diffraction effects can be understood.

Figure 7. The tentative model explaining the streaking and
variation of intensities.

Figure 8. Electron diffraction patterns representing the
icosahedral to decagonal transformation: (a) 3-fold pattern of I
phase, (b) partial ordering and (c) decagonal 3-fold.
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Table 1. Table outlining the orientation relation of i phase
with bcc I and bcc II phases.
Experimentally
observed zone
axis of i phase

Experimentally
observed parallel
zone axis of
bccI (a = 8⋅9)

Experimentally
observed parallel
zone axis of
bccII (a = 15⋅42)

[001]
–
–

[351]
[113]
[111]

Mirror zone
5-fold
3-fold

Table 2. Table outlining the orientation relation of decagonal
phase with orthorhombic and i phases.
Experimentally observed
zone axis of
decagonal phase
C
J
L
G
U
K
A
J

4.

Experimentally observed
parallel zone axis of
orthorhombic/i phase
[217]
[110]
[113]
[002]
[005]
2-fold
5-fold
5-fold

Conclusions

On the basis of the present investigations of the rapidly
solidified Al65Cu20Cr15–xFex (x = 3, 5, 6) alloys at different
cooling rates, the following conclusions can be drawn.
(I) At higher quenching rate (~ 25 m/sec) all the alloys
having different composition of Fe exhibit icosahedral
phase with ar ≈ 4⋅56 Å.
(II) The alloy composition Al65Cu20Cr15Fe3 is of special
interest because (a) at higher quenching rate it exhibits
FCI phase which disappears at higher Fe concentration,
(b) the very interesting feature of this composition is that
it shows the presence of decagonal phase at higher as well
as lower quenching rates. This type of observation is first
of its kind, (c) another interesting result for the alloy
composition Al65Cu20Cr12Fe3 at higher quenching rate
(~ 25 m/sec) is the occurrence of orientation relation
between crystalline and icosahedral phase. This relationship is represented in table 1 and (d) at lower quenching
the alloy composition Al65Cu20Cr9Fe6 also exhibits orientation relation of decagonal phase with icosahedral phase
and orthorhombic phase as given in table 2.
(III) At lower quenching rate, Al65Cu20Cr9Fe6 alloy
exhibits an orthorhombic phase with lattice parameters
a ≈ 23⋅6 Å, b ≈ 12⋅4 Å, c ≈ 20⋅1 Å and decagonal phase
with sheets of intensities along quasiperiodic direction
which is explained on the basis of a model.

(IV) The coexistence of orthorhombic phase with the
decagonal phase in as quenched alloy (Al65Cu20Cr9Fe6)
has been reported. It may be concluded that this orthorhombic phase has closer structural relationship with the
decagonal phase.
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