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Abstract. The phase transformations and structure characteristics of the AlsCuyysCoypr s
alloy were studied by neutron diffraction. The scheme of Yamaméto and Ishihara can
satisfactorily index the diffraction patterns. The Al-Cu-Co decagonal phase is stable in the
temperature range between 973 and 1330 K, At the low temperature end it relaxes to a
microcrystalline approximant structure, At the high temperature end, it melts directly into
liquid. The scheme of Yamamoto and Ishihara can perfectly index the neutron powder
diffraction patterns (e = 7.212 A, c = 4.184 A at 973 K). We propose that it is the average
quasiperiodic sublattice that determines the powder diffraction characteristics of the
microcrystalline structure at room temperature which can also be indexed in decagonal phase
notation,

Previously, detailed structural studies of Al;Cuy;sCoyySi; single crystals have been
performed by means of x-ray diffraction (Launois et 4/ 1990) and high resolution electron
microscopy (Audier er al 1990, Dong et af 1990b). The results showed that this material
is not really a decagonal phase at room temperature as claimed in earlier work (He et af
1988, Tsai et af 1989). Instead, a microcrystalline structure has been revealed that,
however, gives diffraction patterns which resemble quite well those of the decagonal
phase. It has been pointed out that a very small number of basic structure elements
(pentagon, convex pentagon and rhombus) can be used to construct the Penrose tiling
or other orthorhombic approximant phases, depending on the local ordering imposed
(Dong et af 1990b). A transition from this microcrystalline structure to the decagonal
phase has also been observed during in situ heating in the microscope (Audier et @ 1990).
Thus, this alloy is in many ways similar to the AlCuFe alloy in which a high iemperature
stable icosahedral phase undergoes a reversible transition to 2 rhombohedral micro-
crystalline approximant structure upon cooling down to room temperature (Audier and
Guyot 1989, Bancel 1989, Dubois er a/ 1990, Dong et al 1990a).

In thisletter, we will present neutron diffraction studies of an Alg;Cuyy sCoy7 ssample
in which a stable decagonal phase is supposed to exist. Emphasis will be put on the phase
transformations concerning the decagonal phase and on the structure characteristics of
the decagonal phase. The samples for the present experiment were prepared by RF
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melting of pure elemental metals. The cylinder ingots so obtained were measured by
neutron diffraction performed on the D1B and D2B diffractometers at the Institut Laue
Langevin in Grenoble. The D1B diffractometer was used in real-time diffraction mode
thanks to its 400-cell position sensitive detector. Its angular resolution is limited t0 0.02°,
The D2B facility is a high resolution two-axis diffractometer with AQ/Q = 5 x 1072
(Q = 4 sin 8/1). Thus, the former instrument was chosen to record in real time the
phase transformation processes on heating and cooling the sample and the latter was
used to obtain high resolution neutron diffraction diagrams at several chosen tem-
peratures. For more experimental details, the reader is referred to Pannetier et al (1987),
Dong et al (1990a) and Janot et af (1990).

To begin with, we show in figure 1 a high-resolution neutron diffraction diagram
taken at 973 K, in order to give an overall view at the Al-Cu-Co decagonal phase
{wavelength A = 1.593 A). The scheme of Yamamoto and Ishihara (1988) can perfectly
index the whole pattern with quasilattice parameter a = 7,212 A perpendicular to the
10-fold axis and quasilattice stacking periodicity ¢ = 4.184 A along the 10-fold axis (see
table 1). The good agreement between experimental and calculated values indicates that
the sample does not contain crystalline phase impurities. The measurements at the other
temperatures (1083 K, 873 K, 773 K and room temperature) give essentially the same
diffraction patterns and all can be indexed in the decagonal phase notation in spite of
the fact that at least the room temperature state corresponds to a microcrystalline
approximant structure (Launois et a/ 1990, Audier et af 1990).

Before examining the diffraction details, we first concentrate on the phase trans-
formations concerning the decagonal phase in order to discover exactly in which tem-
perature range the true decagonal phase exists. Figure 21s the 3-dimensional view of the
evolution of diffraction patterns (corrected for backgroundintensity, A = 2.52 A)during
a heating run from room temperature to 1333 K with a heating rate of 4.8 K min~, Two
reactions are visible. The first one is signalled by a rise of diffraction intensities at about
950 K while no peak disappears or appears. Besides, the peak widths also show a
significant decrease upon heating as itlustrated in figure 3. Here high-resolution neutron
diffraction data from the D2B diffractometer are used. Note that for Q = 3.14 A~ the
D2B instrument resolution is 0.40% in 28 units, which is almost equal to the (15630) peak
width at the highest temperature reached by the specimen. The rise of peak intensity and
sharpening of peak width reflect a certain kind of ordering in the original microcrystalline
approximant structure and are supposed to be due to a transition to the real decagonal
phase. This point of view is supported on the one hand by in situ heating observation in
an electron microscope (Audier et a/ 1990) and on the other by the analogy to the solid
state transition from rhombohedral microcrystalline approximant structure to the high
temperature stable icosahedral phase in the Al-Cu-Fe alloy (Audier and Guyot 1989,
Bancel 1989, Dong eral 1990a, Dubois et al 1990). The peak intensities reach a maximum
at about 1000 X. At about 1170 K, the peak intensities begin to fall rapidly; at the
same time, the presence of some liquid alloy becomes visible as revealed by a rise in
background intensity. This is a reaction in which the decagonal phase decomposes into
liquid. As the maximum heating temperature was limited by the furnace capacity, the
full liquid state has not been achieved. To compensate for this, a differential thermal
analysis (DTA) experiment was performed afterwards with the same specimen. Figure 4
shows a DTA curve during a heating run with a heating rate of 15 K min~!. Two peaks
are present at 980 and 1355 X that correspond to the solid state transition from micro-
crystalline approximant structure to the decagonal phase and the complete melting of
the decagonal phase, respectively. Thus, the decagonal phase isstable in the temperature
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. High-resolution neutron diffraction diagram of the Al;;Cuy, sCoyp s sample taken at 973 K with wavelength A

decagonal phase notation (Yamamoto and Ishihara 1989) with a

= 1.593 A. It can be indexed according to

= 4,184 A. The first broad peak on the left is from background scattering,
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Figure 2. Three-dimensional view of the evolution of diffraction patterns (corrected for
background intensity, wavelength A = 2.52 A) duringa heating run from room temperature

to 1333 K with heating rate of 4.8 K min~' measured on the D1B diffractometer. *, mark
two defective cells of the detector.
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: : . : Figure 3. Full width at half maximum (FwHM) of
200 400 600 a00 vaog e peak (15630) versus temperature as measured on
Temperature (K) the D2B diffractometer. O = 3.14 A1,

range between 973 and 1350 K (corrected for heatingrrate). Note that the second reaction
starts at about 1070 K, soon after the end of the first reaction. Thus, the decagonal phase
coexists with liquid over a large temperature range. This indicates that, upon cooling
from the liquid, the decagonal phase grows directly from the liquid and no other
crystalline phase isinvolved in the growth process. Thisis why well faceted single crystals
can be easily obtained in the AICuCo alloy, in contrast to the AlCuFe alloy in which the
icosahedral phase grows in a peritectic reaction involving the monoclinic Al ;Fe, phase
and residual liquid (Dong et al 1990a, Dubois et al 1990).

Most of the peaks visible in figure 2 show an obvious rise at the transition from the
microcrystalline approximant structure to the decagonal phase. All the corresponding
planes have quasiperiodic components, i.e. the quasilattice indices nl, n2, n3, n4 are
not all equal to 0. But if we look at the purely periodic {00002) peak that hides behind
the strong {03531, 00012) peaks in figure 2, we find a completely different behaviour:
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Figure 4. DTA heating curve of the AlCu,;5Coyy s alloy with a heating rate of 15 K min='.
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Figure 5. Integrated intensities of peaks (03531, 00012) and (00002) as  function of tem-
perature during the heating from room temperature to 1333 K. Note that the two peak
intensities are normalized in such a way that the maximum intensity is 100. The arrow marks
the moment when the microcrystalline approximant structure begins to transform to the
decagonal phase.

instead of rising, its intensity decreases as the solid state transition begins (figure 5).
Thus, during this transition, the 2-dimensional ordering on quasiperiodic planes and the
1-dimensional periedicity perpendicular to it behave in different ways. This may be
related to the different temperature dependences of quasilattice parameter a and
quasilattice stacking periodicity ¢. An important feature of the decagonal phase is that
as a 2-dimensional quasicrystal, it is not an isotropic structure. It is, therefore, not
surprising to see in figure 6 that quasilattice parameter a and quasilattice stacking
periodicity ¢ manifest different temperature dependences: the former rises faster as
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temperature goes up, indicating that the 2-dimensional quasilattice has a higher thermal
expansion coefficient than the periodic direction along the ten-fold direction.

Now we turn to the analysis of some structure characteristics of this decagonal phase.
Since this is only a 2-dimensional quasicrystal, we will focus on the 2-dimensional
quasilattice. For the decagonal phase indexing scheme, the choice of parameter 4 is
rather arbitrary, because an inflation or deflation by t (v = (1 + V3) /2) will give essen-
tially the same result (Yamamoto and Ishihara 1989). This parameter is usually related
to the 4-dimensional cubic superlattice constant. For many of the known decagonal
phases (e.g. in the systems Al-Mn, Al-Fe, Al-Cu-Fe-Cr, etc), this constant is about
4.5 A. The origin of this value has been related by Dong et af (1990b) to the average
edge length of the smallest distorted pentagon that can be defined on the (110) atomic
plane of the CsCl type of phase. This gives a physical meaning to the proper choice of
the parameter a. However, in the case of the Al-Cu—Co decagonal phase, we have
adopted an a parameter T times larger. Our choice is based on the fact that, as shown by
a high-resolution electron microscopy study (Dong et af 1990b}, the unit length of the
microcrystalline approximant structure for the Al-Cu-Co(—Si) alloy is T times larger
than that for the Al-Cu-Fe~Cr alloy, i.e. the former structure is a 7 inflation ordering
based on the latter. Moreover, the peak with the smallest Q value (Q = 0.39 A-1at
973 K) has a simple index (00010) if @ = 7.212 A; meanwhile, the index will be (01010)
if @ = 4.457 A. This peak is observed on the x-ray single-crystal diffraction patterns
(Launois et af 1990); but it is not observable in our neutron powder diffraction diagrams,
either because it is not sensitive to neutron scattering contrast or it is just overwhelmed
by the background intensity nearby (figure 1).

At the beginning of this letter, we mentioned that the powder diffraction patterns of
migrocrystalline approximant material can be indexed well in decagonal phase notation.
However, the electron diffraction patterns cannot be totally explained by crystalline
lattices plus ten-fold twinning operations (Audier et af 1990). The principal difference
between the microcrystalline approximant structure and the decagonal phase is that the
former has local periodic ordering while the latter has a quasiperiodic one. However,
their long range orderings are quite similar, as their diffraction patterns are very similar.
Dong et al (1990b) have proposed that the quasiperiodic subnetworks with basic lattice
constant @ = 4.5 A may exist inside the unit cells of the orthorhombic approximant
compounds of the decagonal phase. On the one hand, the quasiperiodic subnetwork
can be periodically repeated, forming crystalline domains; on the other hand, the
quasiperiodicity has the tend to expand, creating faulted structures between different
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crystalline microdomains. In the microcrystalline structure, the periodic nature of crys-
talline domains is overwhelmed by their quasiperiodic subnetworks. The overall dif-
fraction pattern comes from an average sublattice which is the extension of quasiperiodic
subnetworks through periodic translation and ten-fold symmetry operations. This is
perhaps why the powder diffraction patterns of microcrystalline approximant structure
can be so well indexed according to the decagonal index notation. Compared with the
real quasiperiodiclattice that can be obtained at high temperature, the room temperature
approximant structure resembles a disordered quasilattice. This disordering produces
Bragg peaks with increased peak width.

From the above discussions, the main conclusions can be summarized as the follow-
ing.

(i) The Al;;Cuy,5Coy7 5 decagonal phase is stable in the temperature range between
973 and 1350 K. It coexists with liquid over a large temperature range above 1070 K. At
the low temperature end, it transforms into a microcrystalline approximant structure.
At the high temperature end, it melts directly into liquid.

(if) The scheme of Yamamoto and Ishihara (1988) can perfectly index the neutron
powder diffraction patterns witha =7.212 A andc = 4.184 A at 973 K.

(iii) This decagonal phase has a non-isotropic structure. The 2-dimensional quasi-
lattice and 1-dimensional periodicity show different behaviour during the solid phase
transformation.

(iv) It is the average quasiperiodic sublattice that imposes the main diffraction
features of the microcrystalline approximant structure. Thus it is justified that the powder
diffraction patterns of microcrystalline approximant structure at room temperature can
also be indexed in decagonal phase notation.

We gratefully acknowledge the Institut Laue Langevin for the allocation of beam time.
We are greatly indebted to Dr J Pannetier for his support during the experiments.
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