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Structure transformations of the decagonal and 
icosahedral phases in quaternary alloys 
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Mor., Mexico 

An investigation of the phase transformations experienced by the decagonal and icosahedral 
phases in two different quaternary alloys is carried out. The transformation in the decagonal 
phase of AI-Cu-Co-Si alloy is induced by the electron radiation in a transmission electron 
microscope. However, in the icosahedral phase of AI-Cu-Co Fe alloy this transformation is 
induced by annealing. Electron diffraction patterns obtained from both phases suggest that the 
deformation mechanism involved n these kinds of transition is related to twinning. 

1. I n t r o d u c t i o n  
There have been in the past few investigations on the 
nature of the transformations from quasicrystalline 
phases to crystalline structures. Most of these reports 
were mainly concerned with the binary A1-Mn system 
[1, 2]. In order to study these kinds of transition two 
different techniques have been mainly used [1, 2]. In 
some cases, the specimens with quasicrystalline phases 
are encapsulated in a vacuum and subsequently 
annealed or they are just annealed in an inert atmo- 
sphere. However, other studies involved the observa- 
tion in situ of the transformations in a high-voltage 
transmission electron microscope. In this particular 
case, the transition induced by the electron radiation 
can be followed by observation of the morphological 
changes experienced by the quasicrystalline electron 
diffraction patterns [2]. 

Quasicrystalline phases in ternary alloys have also 
been widely studied in the literature; however, very 
few investigations on the transformation of quasicrys- 
talline to crystalline structures have been carried out 
in this kinds of system [-3, 4]. Ternary alloys which 
have attracted large attention in the literature due to 
the presence of quasicrystalline phases are the com- 
pounds A165Cu2oCot5 and A165Cu2oFe15. These al- 
loys have the characteristic that the quasicrystalline 
phases are formed under normal casting methods 
[5, 6]. Therefore, they do not require rapidly solidi- 
fying techniques to be formed. In the A1-Cu-Co alloys 
decagonal phases have been found; however, in 
A1-Cu-Fe only icosahedral phases can be obtained 
[-5, 6]. 

In this work we report some preliminary results on 
the transition from quasicrystalline to crystalline 
phases in different quaternary alloys. Trans- 
formations in the decagonal phases from the alloy 
A162Cu20Co 1 sSi3 [7] have been observed in situ in the 
transmission electron microscope (TEM). Also, trans- 
itions of the icosahedral phase in alloys of 
A165Cu22Co6.sFe6. 5 [8] have been studied. In this 
case, the normal cast specimens have been vacuum- 

encapsulated and subsequently annealed before the 
observations in the TEM have been carried out. 

2. Experimental procedure 
The A1 Cu-Co-Si quaternary alloy was obtained in a 
high-vacuum spherical mirror furnace. During heating 
the alloy took the shape of a spherical drop with small 
quasicrystalline decaprisms arranged in a radial man- 
ner. The cooling time to room temperature was ap- 
proximately 300 s [7]. However, the A1-Cu-Co-Fe 
alloy was obtained by melting the high-purity ele- 
ments in an arc furnace under an argon atmosphere. 
The resulting ingot was slowly cooled to room tem- 
perature. The observations were carried out 
in a Jeol 4000EX microscope. Specimens of the 
A1-Cu-Co-Fe alloy were annealed and subsequently 
observed in the microscope. The final preparation 
of the specimens was carried out using an ion- 
beam machine. However, the transitions in the 
A1-Cu-Co-Si alloy were observed in situ in the TEM. 
In this case the preparation of the specimens for the 
TEM observations were carried out just by mechan- 
ically grounding the small decaprisms and sub- 
sequently supporting them on Cu grids. 

3. Results and discussion 
3.1. Structure transformations in the 

decagonal phase of the 
AI-Cu-Co-Si alloy 

The decagonal phase in alloys of A1-Cu-Co-Si was 
first reported by He et al. [9]. Since this report, there 
have been a large number of works concerning this 
type of quasicrystalline phase. Thus, for example, 
Zhang and Urban [10, 11] have pointed out the 
presence of planar defects and also dislocations in this 
structure. They also suggested that the diffraction 
patterns from this phase can be interpreted as the 
superposition of a decagonal and a b.c.c, structure. 
Steure and Kuo [12] have proposed a structure for 
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this phase  made  of  a s tacking  of quas ipe r iod ic  layers  
ro ta t ed  36 ~ one f rom ano the r  a long  the tenfold axis. 

In  this r epor t  we present  the results  ob ta ined  f rom 
2 m m  length quas icrys ta l l ine  decapr i sms  which were 
ob t a ined  with a mel t ing and  g rowth  process  car r ied  
out  in a doub le - spher ica l  m i r ro r  furnace [7]. The  
observa t ions  were carr ied  out  in a Jeol  4000EX micro-  
scope ope ra t ed  at  400 kV. At  this accelera t ing voltage,  
the e lect ron beam energies are able  to induce phase  
t rans i t ions  in this k ind  of  a l loy  in jus t  a few minutes.  

Fig. 1 shows a sequence of diffract ion pa t te rns  of the 
decagona l  phase  a long  the twofold axis. In  Fig. la ,  the 

decagona l  diffract ion spots  and  also those corres- 
pond ing  to the (1 1 1) zone axis in the b.c.c, super-  
imposed  s t ructure  can clearly be seen. Fig. l b  and  c 
show the diffract ion pa t te rns  after different e lect ron 
r ad i a t i on  t imes in situ in the microscope.  These figures 
clearly show the sys temat ic  d i sappea rance  of the dif- 
f ract ion spots  which co r re spond  to the decagona l  
phase.  In Fig. l d  prac t ica l ly  all the phases  are 

Figure 1 Diffraction patterns from the decagonal phase of 
AI Cu-Co-Si along a twofold axis. (a) Diffraction pattern at the 
beginning of the experiment; (b, c, d) diffraction patterns which 
correspond to different electron radiation times. The exposure time 
is increased from (b) to (d). 

Figure 3 Diffraction patterns from the decagonal phase of 
AI-Cu-Co-Si along a tenfold axis. (a) Diffraction pattern at the 
beginning of the experiment; (b, c, d) same diffraction patterns at 
different electron radiation times. The exposure time is increased 
from (b) to (d). 

oot 

Figure 2 Diffraction patterns from the decagonal phase of 
A1Cu Co Si along a twofold axis. (a) Diffraction pattern at the 
beginning of the experiment; (b, c, d) same diffraction patterns at 
different electron radiation times. The exposure time is increased 
from (b) to (d). 
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Figure 4 Kinematic electron diffraction pattern of a twinned ar- 
rangement of cubic crystals predicted by the twinned model 1-13]. 



crystalline in nature. In this figure, two crystalline 
phases can clearly be seen. The b.c.c. (1 1 1) zone axis 
diffraction pattern is superimposed on a rectangular 
pattern. The sequence in Fig. 1 also shows an increase 
in intensity and a large spread in reciprocal space of 
the crystalline reflections. 

The same behaviour can be obtained in the decago- 
nal diffraction pattern along the others twofold axis. 
After some time of electron radiation there are clear 
signs of disappearance of the decagonal spots; how- 
ever, the spots in the (1 0 0) b.c.c, zone axis still remain. 
This is shown in Fig. 2. Although Fig. 2d shows few 
quasicrystalline spots, there is a clear tendency to 
crystallization. It is important to mention the final 
appearance of two different crystalline structures; the 
b.c.c. (1 0 0) zone axis diffraction pattern and a super- 
imposed rectangular diffraction pattern. Similar in- 
tensity and spread behaviour of the crystalline 
reflections are also obtained along this quasicrystal- 

line orientation. However, these two quasicrystalline 
orientations do not give clear information on the 
deformation mechanism involved for the 
quasicrystalline-crystalline transformation. Partial in- 
formation on this mechanism can be obtained from 
diffraction patterns along the ten-fold axis. 

Fig. 3a illustrates the tenfold pattern at the be- 
ginning of the experiment; however, Fig. 3d shows the 
same diffraction pattern after some electron radiation 
time. In this case there is also a clear disappearance of 
the tenfold diffraction spots, the only remaining spots 
strongly resembling the diffraction spots kinematically 
simulated for twinned crystalline specimens. A 
schematic diagram based on the results of Yang et al. 

[13] is illustrated in Fig. 4. This figure shows the 
diffraction pattern obtained from an arrangement of 
twinned f.c.c, cubic crystals. 

It is important to point out the qualitative agree- 
ment between the diffraction pattern from the twinned 

Figure 5 Diffraction patterns from the icosahedral phase of A1-Cu Co Fe alloy (a) along the fivefold axis, (b) along the twofold axis, (c) along 
the fivefold axis after annealing at 800 ~ for 24 h, (d) along the twofold axis after annealing. 
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model and the first two inner rings of spots shown in 
Fig. 3d. It is also important to mention that Field and 
Fraser [14] and Idziak and Heiney [15] have simu- 
lated diffraction patterns from twinned cubic crystals 
and there is also qualitative agreement between their 
predictions and the experimental results given in 
Fig. 3d. It therefore seems to be possible that the 
deformation mechanism which is involved in this kind 
of phase transition could be related to twinning. It is 
finally important to realize that the crystalline rectan- 
gular pattern shown in Fig. 3a is able to generate the 
two external circular array of spots; however, the inner 
circles can be obtained by double diffraction mech- 
anisms. 

3.2. Structure transformations in the 
icosahedral phase of the 
AI-Cu-Co-Fe alloy 

The icosahedral phase in ternary alloys of A1-Cu-Fe 
has been widely studied in the literature [5, 6]. This 
phase is also found in alloys of A1-Cu-Co-Fe I-8]. The 
results presented in this section relate to icosahedral 
phases found in this kind of quaternary alloy. The 
alloy was obtained by melting the high-purity ele- 
ments in an arc furnace with an argon atmosphere. 
For annealing the specimens were encapsulated in a 
vacuum and subsequently annealed at 800 ~ for 24 h. 
The observations were carried out in a Jeol 4000EX 
microscope operated at 200 kV. For electron micro- 
scope observations the specimens were thinned using 
an Ar ion-beam milling machine. 

Fig. 5 shows the fivefold and twofold diffraction 
patterns before and after being annealed at 800 ~ for 
24 h. The first interesting feature of the patterns ob- 
tained after annealing the specimens is related to the 
pronounced spread of the diffraction spots in recip- 
rocal space. This effect can qualitatively be under- 
stood as being produced by the deformation of the 
icosahedral phase giving rise to larger values of the 
"interplanar" spacings and therefore increasing the 
orientations over which the electron intensity around 
the diffraction spots can be appreciable [16]. There 
are, on the other hand, a large number of new diffrac- 
tion spots which appear in the diffraction patterns. In 
some cases a continuous spread of electrons is found 
between some reflections (Fig. lc). 

Extra reflections are sometimes arranged period- 
ically in reciprocal space. This is clearly illustrated in 
Fig. 6, where a twofold icosahedral diffraction pattern 
shows clear signs of crystallization along one of the 
fivefold axes. Another interesting feature of the elec- 
tron diffraction patterns from the icosahedral an- 
nealed specimens is illustrated in Fig. 7. This figure 
shows three different twofold diffraction patterns. 
Fig. 7a was obtained from an icosahedral specimen 
before annealing. However, Fig. 7b and c were ob- 
tained from different icosahedral grains in the same 
specimen after annealing. Fig. 7b and c show different 
degrees of crystallization. Fig. 6, on the other hand, 
has already shown clear indications of periodicity 
along the fivefold axis for this kind of quasicrystalline 
zone axis. 

Figure 6 Diffraction pattern from the icosahedral phase along the 
twofold axis. Periodicity is indicated by the arrows. 

Figure 7 Diffraction patterns from the icosahedral phase along the 
twofold axis. (a) Before annealing; (b, c) af~(er annealing at 800 ~ for 
24 h. 
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tion spots which are considerably spread out in recip- 
rocal space. This effect suggests deformations in the 
icosahedral phases due to changes in the "interplanar" 
spacings. The twofold diffraction pattern from the 
icosahedral phase after annealing shows clear indi- 
cations of crystallization along the five-fold axis. Im- 
age-contrast features obtained under fivefold diffrac- 
tion conditions suggest also that twinning could be the 
deformation mechanism involved in the phase trans- 
formation. 

Figure 8 Dark-field image under fivefold diffraction conditions. The 
dark field is formed with a spot from the second ring of reflections. 
The contrast features are similar to twinned regions in crystalline 

specimens. 

Although the twofold diffraction pattern illustrates 
clear indications of transitions from quasicrystalline 
to crystalline structures, the diffraction patterns alone 
are not able to provide information on the deforma- 
tion mechanism which induces the transformation. 
However, dark-field images can give insights into this 
aspect. This is shown in Fig. 8, which corresponds to a 
low-magnification dark-field image from the annealed 
specimen. The image was obtained under fivefold 
diffraction conditions using one of the second-ring 
spots to generate the image. The contrast features 
displayed by this figure have strong similarities with 
those of twinned crystalline regions. Dark features in 
this image correspond to crystalline specimen areas 
unable to scatter electrons along the beam used for the 
dark-field imaging. 

4. Conclusions 
The electron radiation in the TEM induces trans- 
formations from the quasicrystalline decagonal phase 
to crystalline structures in alloys of A1-Cu-Co-Si. 
This kind of transformation seems to be induced by a 
deformation mechanism based on twinning. The two- 
fold quasicrystalline zone axis show two different 
crystalline phases, the b.c.c. (1 1 1) and (1 00) diffrac- 
tion patterns and also a rectangular pattern which in 
Fig. 1 has dimensions of 0.2 nm -1 x 0.12 nm -1 and in 
Fig. 2 of 0.2nm -1 • -1. On the other hand, 
diffraction patterns obtained from annealed icosa- 
hedral phases in alloys of A1 Cu-Co-Fe show diffrac- 

Acknowledgements 
The authors weuld like to thank Messrs A. Gonzalez, 
J. L. Albarran, A. Lara, L. Rendon, R. Hernandez and 
A. Sanchez for technical help. We are also grateful for 
financial support from CONACYT through project 
0048E. 

References 
1. D. A. LILIENFELD,  M. NASTASI, H. H. JOHNSON,  

D. G. AST and J. W. MAYER, Phys. Rev. Lett. 55 (1985) 1587. 
2. K. URBAN, N. MOSER and H. KRONSMULLER,  Phys. 

Status Solidi (a) 91 (1985)411. 
3. Y. CALVAYRAC, J. DEVAUD-RZEPSKI,  M. BESSIERE, 

S. LEFEBVRE, A. QUIVY and D. GRATIAS, Phil. Mag. B59 
(1989) 439. 

4. A. P. TSAI, A. INOUE, T. MASUMOTO and N. 
KATAOKA, dpn J. Appl. Phys. 27 (1988) L2252. 

5. K. HIRAYA, B. P. ZANG, M. HIRABASHI, A. INOUE and 
T. MASUMOTO, ibid. 27 (1988) L51. 

6. A.P. TSAI, A. INOUE and T. MASUMOTO, Mater. Trans. 
J IM  30 (1989) 150. 

7. J. A. LARA, H. G. RIVEROS, J. REYES-GASGA and 
M. JOSE-YACAMAN, J. Cryst. Growth 109 (1991) 137. 

8. R. PEREZ, J. A. JUAREZ-ISLAS, L. MARTINEZ, B. 
CAMPILLO and J. L. ALBARRAN, Metall. Trans. A, in 
press. 

9. L.X. HE, Y. K. WU and K. H. KUO, J. Mater. Sci. Lett. 7 
(1988) 1284. 

10. Z. ZHANG and K. URBAN, Scripta Metall. Mater. 23 (1989) 
767. 

11. ldem., ibid. 23 (1989) 1663. 
12. W. STEURE and K. H. KUO, Acta Crystallogr. IM6 (1990) 

703. 
13. C.Y. YANG, M. JOSE-YACAMAN and K. HEINEMANN, 

J. Cryst. Growth 47 (1989) 283. 
14. R.D. FIELD and H. L. FRASER, Mater. Sci. Engn 0 68 (1985) 

L17. 
15. S.H. IDZIAKand  P. A. HEINEY, PhiI. Mag. A61(1990)819. 
16. P. B. HIRSCH, A. HOWIE, R. B. NICHOLSON,  D. W. 

PASHLEY and M. J. WHELAN "Electron Microscopy of 
Thin Crystals" (Krieger, New York, 1977). 

Received 10 July 1991 
and accepted 17 February 1992 

5755 


