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Enthalpy relaxation behaviour of Al-Si-Cr 
quasicrystalline and amorphous alloys upon 
annealing 
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Annealing-induced enthalpy relaxation behaviour was examined calorimetrically in quasicrys- 
talline AI62Si~gCr19 and amorphous AI60Si25Cr15 alloys. When both alloys annealed at tem- 
peratures below Tx are reheated, an excess endothermic reaction (enthalpy relaxation) occurs 
reversibly above the annealing temperature, T a. The peak temperature of ACp, endo rises in a 
continuous manner with the logarithm of annealing time (ta). The magnitudes of ACp,endo and 
AHendo of the amorphous alloy increase with increasing T a while no appreciable change in 
ACp,~ndo and AH~ndo of the quasicrystal with T a is seen. The activation energy, Qm, for the 
enthalpy relaxation increases from 1.8 to 2.7 eV with the peak temperature of ACp, T m, for the 
amorphous alloy, whereas it remains constant (~- 1.3 eV) for the quasicrystal. The endothermic 
reaction with small Qm for the quasicrystal is thought to be attributable to the disappearance 
of short-range ordering of chromium and silicon atoms with stronger attractive interaction, 
which developed during annealing, i.e. the reversion phenomenon, in the unrelaxed localized 
regions with high free-energy isolately embedded in the more stable icosahedral structure. The 
similarity of the enthalpy relaxation behaviour between the quasicrystalline and amorphous 
phases allows us to infer that short-range atomic configuration is very similar between the 
quasicrystalline and amorphous phases. 

1. I n t r o d u c t i o n  
Since an icosahedral quasicrystal with long-range 
orientation order and quasiperiodicity inconsistent 
with periodic translational order was discovered in a 
rapidly quenched A185.vMn~43 alloy [1], the quasicrys- 
tal has attracted rapidly increasing interest from the 
scientific point of view. Only in the last two years, have 
a number of quasicrystals been prepared by various 
techniques such as melt quenching, sputter deposition, 
solid state reaction and electron irradiation, etc. Addit- 
ionally, many discussions have been presented on 
the growth of the icosahedral phase including the 
generation of disorder for a three-dimensional Penrose 
tiling in a realistic growth process which would have 
matching-rule violations [2]. 

Nelson and Halperin [3] pointed out a possible 
structural similarity between quasicrystal and metallic 
glasses; both the phases consist of the fundamental 
unit of an icosahedron. Additionally, Chen and co- 
workers [4, 5] have examined calorimetrically the 
structural stability of an A186Mn14 quasicrystal and 
reported that the quasicrystal exhibits a reversible 
endothermic reaction upon heating the annealed 
sample, in addition to the heating-induced irreversible 
exothermic reaction at temperatures well below the 
icosahedral-orthorhombic transition. Their reactions 
are very similar to those for an amorphous alloy, 
suggesting the similarity of the short-range atomic 
configuration between quasicrystalline and amorph- 

ous alloys. However, the rapidly quenched A186Mn14 
consists of the duplex phases of quasicrystal and 
aluminium and hence the reversible endothermic reac- 
tion might be due to the recoverable reaction of 
crystalline aluminium phase. In order to clarify the 
phenomenon and mechanism of enthalpy relaxation 
for the quasicrystal, it is essential to use a single-phase 
quasicrystal. Very recently, Inoue et al. [6] have found 
that a quasicrystal with mostly single phase is formed 
in rapidly quenched A1-Si-Cr alloys containing 
20 at % Cr and 20 at % Si. The ternary alloys appear 
to be appropriate as the test sample to study the 
annealing-induced enthalpy relaxation because the 
irreversible and reversible enthalpy relaxations of an 
amorphous phase are much larger for the multicom- 
ponent systems containing more than three con- 
stituent elements, rather than for binary system. The 
aim of this paper is to examine the enthalpy relaxation 
behaviour of a quasicrystalline AI62Si19Cr19 alloy, in 
comparison with that of an amorphous A160Si25Cr~5 
alloy, and to investigate the difference in the enthalpy 
relaxation behaviour between quasicrystalline and 
amorphous alloys. 

2. Experimental procedures 
A1-Si-Cr master ingots with composition A162- 
Sil9Crl9  and A160Si25Cr~5 were prepared by arc melting 
a mixture of pure aluminium (99.99 wt %), chromium 
(99.75wt %) and silicon (99.999wt %) in a purified 
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Figure 1 Bright-field electron micrographs 
and selected-area diffraction patterns of rapidly 
quenched A162SilgCq9 (a and b) and A160- 
SizsCqs (c and d) alloys. 

argon atmosphere. Rapidly quenched ribbon speci- 
mens, about 0.02ram thick and about 1 mm wide, 
were prepared from the master alloys under an argon 
atmosphere using a single-roller melt-spinning appar- 
atus. The as-quenched structure was examined by 
conventional X-ray diffractometry and transmission 
electron microscopy (TEM). Thin foils for TEM were 
prepared by electrolytic polishing in an electrolyte of 
perchloric acid and ethanol with 1 : 9 volumetric ratio. 
The apparent specific heat, Cp, was measured with a 
differential scanning calorimeter (Perkin-Elmer DSC- 
II). Care was taken to reduce the thermal drift by 
prewarming the calorimeter for at least 5h in the 
temperature of interest. The accuracy of the data was 
about 0.4 J mol- ~ K -  1 for the absolute Cp values, but 
was better than 0 .2Jmol -~K ~ for relative Cp or 
ACp measurement. The as-quenched samples were 
subjected to annealing treatments at various tempera- 
tures (Ta = 400 to 550 K) for different periods (t, = 3 
to 200 h). Short-period anneals (t, ~< 12 h) were per- 
formed directly inside the calorimeter while long- 
duration anneals (48 to 200 h) were performed in a 
well-controlled furnace after placing the encapsulated 
samples inside a vacuum-sealed quartz tube. Follow- 
ing the annealing treatment, the sample was thermally 
scanned at 40Kmin  -1 from 320 to 680K for the 
quasicrystal and from 320 to 600 K for the amorphous 
alloy to determine the Cp,, of the annealed sample. It 
was then cooled to 320 K, and reheated immediately 
to obtain the Cp,s data of the "reference" sample. This 
test procedure is essential in order to eliminate any 
possible error that might result from the drift in the 
calorimeter due to the prolonged annealing time 
between the measurements. This change in the calor- 
imetric behaviour with annealing was used to monitor 
the enthalpy relaxation process. 
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3. Results 
3.1. Quasicrystalline structure 
Fig. 1 shows bright-field electron micrographs and 
selected-area diffraction patterns of rapidly quenched 
A162 8i19Cr19 (a and b) and A160 Si25Cq5 (c and d) alloys. 
A162Si19Cq9 consists of spherulitic grains with size of 
about 0.2 to 0.3 #m. The electron diffraction pattern 
(b) shows five-fold symmetry which can be identified 
as an icosahedral structure. Fig. 2 shows an X-ray 
diffraction pattern as a function of diffraction angle 
for a rapidly quenched A162Si19Cr19 alloy. Identifica- 
tion of the X-ray diffraction peaks corresponding to 
the quasicrystal with an icosahedral structure was 
made by using six independent Miller indices as 
proposed by Bancel et al. [7]. As indexed in Fig. 2, 
the diffraction pattern of A162Si19Cr19 alloy consists 
mainly of quasicrystalline phase. Therefore, the X-ray 
data also allow us to conclude that mostly single 
phase with quasicrystal structure is formed in the 
vicinity of 19% Si and 19% Cr. 

3.2. Cp(T) and ACp(T) behaviour of 
as-quenched samples 

Fig. 3 shows the thermograms of the amorphous alloy 
in the as-quenched state. The Cp value of the as- 
quenched phase is about 23.0 J mol-  1 K -  1 near room 
temperature. As the temperature increases, the Cp 
value begins to decrease, indicative of a structural 
relaxation at about 365 K and increases gradually to 
38 J mol I K 1 up to about 600K. The difference in 
the Cp,s and Cp,q values represents an irreversible 
structural relaxation resulting from the annihilation 
of quenched-in "defects" and the development of 
topological and compositional short-range orderings. 

Similar thermograms are obtained for the quasi- 
crystalline alloy as shown in Fig. 4. In the comparison 
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Figure 2 X-ray diffraction pattern as a function of 
diffraction angle for a rapidly quenched A162SilpCrt9 
alloy. 

of the Cp(T) behaviour between the quasicrystalline 
and amorphous alloys, the difference is summarized as 
follows: (1) the temperature at which the exothermic 
reaction corresponding to an irreversible enthalpy 
relaxation begins to occur is higher by about 20 K for 
the quasicrystal than that for the amorphous alloy; (2) 
the temperature dependence of Cp,~ for the quasicrys- 
tal is smaller than that for the amorphous alloy; (3) the 
maximum value of structural relaxation represented 
by the difference between Cp,s and Cp,q is considerably 
larger for the amorphous alloy and the temperature at 
which the maximum structural relaxation occurs is 
much lower for the amorphous alloy, and (4) the 
crystallization temperature Tx for the quasicrystalline 
and amorphous alloys is 680 and 600 K, respectively, 
being higher for the quasicrystal. The irreversible 
relaxation of the quasicrystal is thought to be due to 
an annihilation of quenched-in "defects", a reduction 
of misfit strain and frustration, and a local rearrange- 
ment of aluminium, chromium and silicon atoms from 
a quenched-in unrelaxed state to a relaxed state. 

Fig. 5 shows the temperature dependence of the 
difference in Cp between as-quenched and annealed 
states, ACp .... (T), for the quasicrystalline and amor- 
phous alloys. The maximum magnitude of ACp .... (T) 

for the latter is larger by about 23% than that for the 
former. Furthermore, AHex o - (~ACpdT)  for the 
amorphous alloy (968 J tool ~) is larger by about 15% 
than that (831 J tool ~) for the quasicrystalline alloy. 
The peak temperature at which the magnitude of 
ACp .... (T) shows a maximum value is 666K for the 
quasicrystal and 572K for the amorphous alloy, 
These results indicate clearly that the irreversible 
structural relaxation upon heating occurs more easily 
even at low temperatures for the amorphous alloy and 
the thermal instability in their nonequilibrium struc- 
tures is much higher for the amorphous alloy. 

3.3. Cp(T) and ACo(T ) behaviour of 
annealed samples 

Figs 6 and 7 show the change in the thermograms, 
C~,,(T) of quasicrystalline and amorphous alloys 
with annealing temperature (T,) and annealing time 
(t~) for quasicrystalline A162Sir9Cr19 and amorphous 
A160Si25Cr/5 alloys. The data of the as-quenched 
samples are also shown for reference. Cp,~ shows a 
Cp(T) behaviour which closely follows the specific 
heat curve of the reference sample, Cp,~, up to each T,, 
and exhibits an excess endothermic peak relative to 
the reference sample before merging with that of the 
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Figure 3 The thermogram of an amorphous A160 Si25 Cr 15 alloy in the 
as-quenched state. The solid line presents the thermogram of the 
sample subjected to heating to 600 K. 
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Figure 4 The thermogram of a quasicrystalline A162 Sit9 Cr 19 alloy in 
the as-quenched state. The solid line presents the thermogram of the 
sample subjected to heating to 680 K. 
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Figure 5 Difference in the specific heat between the as-quenched and 
annealed states (AC0,e=o) against temperature for quasicrystalline 
A162SilgCr19 and amorphous A160SizsCrt5 alloys• 

as-quenched sample. The features of Figs 6 and 7 are: 
1. The samples annealed at Ta show an excess endo- 

thermic reaction beginning at T=, implying that the 
Cp,a curve in the temperature range above T= is depen- 
dent on the thermal history and consists of configura- 
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Figure 6 The thermograms of (a) quasicrystalline A162SiI9Cr[9 and 
(b) amorphous A160Si2sCrl5 alloys subjected to annealing for 100 h 
at various temperatures ranging from 450 to 550 K. The solid lines 
represent the thermograms of the sample subjected to heating for 
I min at 680 and 600 K. 
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Figure 7 The thermograms of (a) quasicrystalline A162SilgCq9 and 
(b) amorphous A160 Si25 Cq5 alloys subjected to annealing at 475 and 
500 K for various periods from 12 to 200 h. The solid lines represent 
the thermograms of the sample subjected to heating for I min at 680 
and 600 K. 

tion contributions as well as those arising from purely 
thermal vibrations. Therefore, the vibrational specific 
heat Cp,v for these two alloys was extrapolated from Cp 
values in the temperature region below 450 K and is 
linear function of temperature such that 

Cp,v = 25.6 + 3.3 x 10-2(T - 450) Jmol 1K-i 

(1) 

for the quasicrystalline alloy, 

Cp,~ = 29.2 + 5.7 x 10 - 2 ( T -  450) Jmol IK l 

(2) 

for the amorphous alloy. 
2. The excess endothermic curves of both the quasi- 

crystalline and amorphous alloys always begin to rise 
at Ta, being independent of 4. Furthermore, both the 
magnitude and the temperature of the endothermic 
peak tend to increase linearly with In 4 as plotted in 
Fig. 8a for the quasicrystalline alloy and Fig. 8b for 
the amorphous alloy. The change in the temperature 
of the endothermic peak (Tin) with ta is considerably 
larger for the amorphous alloy than for the quasicrys- 
tal. 

3. The ACp,~ndo(T) and ACp .... (T) behaviour for the 
quasicrystalline alloy are similar to those for the 
amorphous alloy. The excess endothermic peak is 
reversible while the exothermic broad peak is irrevers- 
ible and the Cp(T) curve of the annealed samples 
couples the reversible endothermic and irreversible 
exothermic reaction. 

432 



t -  

v ld 

ld 

ld 

g 

(a) 

t 
425k45OK 50 550K 

I i I I I ib) 

, i i 

550 600 650 700 
T m ( K )  

"Ta=4OOK/ 425K 475K 

~ ~ ~ 1 5 0 0  K 

1 d 450 K 

400 450 500 

Figure 8 The variation of the ACpxndo(= Cp,. - Cp,~) peak tem- 
perature, T m, as a function of annealing time, t~, for (a) quasicrys- 
talline A162 Nil9 Cr19 and (b) amorphous Al60 Si25 Cr 15 alloys annealed 
at various temperatures from 400 to 575 K. 

From the features derived from Figs 6 and 7, it is 
noted that the amorphous alloy exhibits a temperature 
dependence of Cp,a (5.7 X 10-2Jmol - '  K -2) larger 
than that (3.3 x 10-2Jmol - 'K  2) of the quasicrys- 
talline alloy, implying that internal structural change 
upon annealing is more sensitive for the amorphous 
alloy than for the quasicrystal. In other words, the 
thermal stability of the quasicrystalline structure is 
higher than that of the amorphous alloy. It has been 
suggested [8] for an amorphous alloy that reversible 
relaxation arises from compositional short-range 
localized relaxation of the more or less rigid matrix 
while the irreversible structural relaxation results from 
the annihilation of various kinds of quenched-in 
defects as well as the topological and compositional 
atomic regroupings. The exothermic reaction in the 
quasicrystalline alloy may be attributed to the same 
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Figure 9 The differential specific heat, ACp,o,do(T), between the 
reference and annealed samples for an amorphous A160Si25Cq5 
alloy subjected to annealing at various temperatures ranging from 
400 to 525 K for different periods from 3 to 100h. 

reason as that in an amorphous alloy. More detailed 
discussion of this point will be given below. 

3.4. Changes in ACp,endo and AHendo wi th  T a 
and ta 

The change in the difference of specific heat ACp,endo = 
(Cp,, - Cp,,) for the samples annealed for different 
periods at different temperatures is shown in Fig. 9 for 
the amorphous alloy and Fig. 10 for the quasicrystal. 
As replotted as a function of Ta in Fig. 11, with 
increasing T,, the ACp,endo of the amorphous alloy 
increases gradually followed by a rapid increase at 
Ta -~ 500K, similar to the result for many other 
amorphous alloys [9]. On the other hand, ACp,endo of 
the quasicrystal is independent of Ta. The difference of 
the change in mCp,endo with T, between the two alloys 

i 

1.0 
t o = 200 h 475K 500K 550K 

T to=lOOh . . . .  4soK  7 KSOOK 
~o=o ~ .~0.5 ,*z~r~ 525K 550K 

<3 T ta=48h . . . .  450K 475K 500K ==nv 
o . . . . .  

400 450 500 550 600 650 
TemperQture ( K ) 

Figure 10 The differential specific heat, ACp.endo(T), 
between the reference and annealed samples for a 
quasicrystalline A162Si~gCq9 alloy subjected to 
annealing at various temperatures ranging from 400 
to 550 K for different periods from 48 to 200 h. 
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Figure 13 The annealing time, t*, for the appearance of the ACp,ma × 
peak at T m as a function of the inverse of the annealing temperature, 
1/T~, for a quasicrystalline A162SimCr19 alloy. 

Figure 11 The variations of (a) the maximum differential specific 
heat, ACp ..... and (b) the enthalpy relaxation, AHenao, as a function 
of annealing temperature, Z~, for (e) amorphous A160SizsCr15 and 
(0) quasicrystalline A162SimCr m alloys subjected to annealing for 
I00h. 

suggests that the distribution of annealing-induced 
relaxation entity as a function of temperature is not 
always the same in the amorphous and the quasicrys- 
talline phases. 

Fig. 12 shows the changes in ACp . . . .  and AHendo as 
a function of ta at T a = 475 and 500 K for the amor- 
phous alloy and the quasicrystal. Here 

AHendo(Ta, t,) = f ACp(T)(=Cp,a - Cp,s)dT 
AQ(T) > 0 (3) 
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Figure 12 The variations of (a) the maximum differential specific 
heat, kCp ..... and (b) the enthalpy relaxation, AHendo , as a function 
of annealing time, ta, for (O) quasicrystalline A16zSilgCr m and 
(e,  A) amorphous A160Si25Cq5 alloys at 475 and 500 K. 

ACp .... and AHendo of both alloys increase almost 
linearly with In t a in an annealing time less than 200 h. 

4. D i s c u s s i o n  
4.1. Activation energy for enthalpy relaxation 

Om (Tm) 
The activation energy for structural relaxation can be 
estimated from the changes of Tm by isothermal 
annealing. If the ACp,e,do peak at Tm is associated with 
a relaxation entity, an apparent activation energy for 
enthalpy relaxation, Qm, of the amorphous and quasi- 
crystalline alloys can be evaluated from isothermal 
annealing data of Fig. 7 by using the following 
relation [10] 

Q(Tm)/kB = d In t*/d(1/Ta) (4) 

where t* is the annealing time for the appearance of 
ACp .... at Tm and kB is Boltzmann's constant. A rather 
good linearity in the Arrhenius relation for each peak 
is seen in Fig. 13 and the Qm value can be estimated. 
As plotted in Fig. 14, Qm (Tm) of the amorphous alloy 
is not constant and increases with increasing T m from 
1.8 eV at Tm= 460 K to 2.5 eV at Tm = 560 K, while 
that of the quasicrystal is almost independent of T m 
and remains constant (about 1.3eV). Thus, Qm is 
much larger for the amorphous alloy over the whole 
T m range. In general, Qm of an amorphous alloy 
increases drastically at the glass transition and/or at 
temperatures just below crystallization temperature. 
Accordingly, the smaller Qm(Tm) values and the 
independent behaviour of Qm with Tm for the quasi- 
crystalline alloy reflect structural relaxation in a very 
localized region which is independent of temperature, 
while the larger Qm(Tm) values and the strong depen- 
dence on temperature for the amorphous alloy reflect 
local- and medium- (or long-) range structural relaxa- 
tion at temperatures well and just below Tx, respect- 
ively. 

434 



~ 2 . 0  

v 

E cy 
1,0 

,0[ 
J 

sbo 6'2o 
T I n ( K )  

Figure 14 The activation energy spectrum Qm(Tm) as a function 
of T m for (O) quasicrystalline A162SitgCr]9 and (O) amorphous 

A160 Si25 Crl5 alloys. 

4.2. Distribution of annealing-induced 
relaxation entity, No (T) 

In a previous section, the activation energy for enthalpy 
relaxation was demonstrated to have a broad distribu- 
tion with Tin. Based on Primak's theory [11] on the 
kinetics of processes distributed in activation energy, 
the enthalpy relaxation spectrum as a function of T m 
has been evaluated by Chen and Crest [12]. According 
to their analysis, the relation ACp,endo(T) is evaluated 
from Equation 5 

ACp,enao(T) = No(T) 7(T) (5) 

where No(T) is the distribution of the relaxation 
entity, and 7(T) is the coupling strength contribution 
to the specific heat ACp,e~ao. As 7(T) oc ( T -  Ta), 
Equation 5 reduces to 

No(T) oc A C p , e n d o ( T ) / ( r  - Ta) (6) 

No(T) values of the amorphous and quasicrystalline 
alloys evaluated from leading edges of ACp,ondo(T) 
shown in Figs 9 and 10 are plotted in Fig. 15. It is seen 
that No(T) shows a rapid increase near Tx for the 
amorphous alloy while No(T) of the quasicrystal 
remains unchanged with temperature. It is thus c o n -  
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Figure 15 The relaxation entity spectra No(T ) = ACp, enao(T)/ 
(T -- T~) for (O) quasicrystalline AI62SilgCr19 and (e )  amorphous 
Al60Si2sCr~s alloys as a function of temperature. 

eluded that the No T curves can reproduce fairly well 
the actually measured distribution of maximum 
ACp,endo and AHendo as a function of T a shown in 
Figs 9, 10 and 11, because Tm - Ta is nearly constant. 

4.3. Interpretation of the reversible 
endothermic reaction in the 
quasicrystalline alloy 

Before the interpretation of the reversible structural 
relaxation for the quasicrystal is presented, it appears 
valuable to explain the concept of the reversible struc- 
tural relaxation for an amorphous alloy because the 
short-range structure in both phases has been thought 
to be quite similar, i.e. an icosahedral atomic con- 
figuration [4]. Cyat [13] and Chen [10] proposed that 
a supercooled liquid structure near Tg is inhomogen- 
eous and consists of liquid-like regions of large free 
volume or high local free energy, and solid-like 
regions with small free volume or low local free 
energy. The resulting amorphous solid quenched from 
the liquid contains a large number of liquid-like 
regions with unrelaxed atomic configurations isolated 
from each other and embedded in the solid-like 
matrix. The inhomogeneity in the amorphous alloy is 
thought to arise from fluctuation in concentration and 
density. When the amorphous alloy is annealed at T a 
for ta, parts of the liquid-like regions undergo con- 
figurational changes to solid-like (i.e. relaxed struc- 
tural state) in an independent and non-cooperative 
manner. However, the local structural relaxation in a 
cluster involving several atoms can be cooperative and 
the size of this cluster has been estimated to be less 
than 1 to 2 nm. Upon heating, reversion occurs above 
Ta and this initial amorphous structure is recovered. 
The effect of initial annealing is eliminated upon 
heating but will appear again upon repeated annealing. 
The effects of annealing are thus reversible and 
additive. As T a increases, the solid-like (relaxed) cluster 
increases in number and grows in size to such an 
extent that a larger cluster is formed. The structural 
relaxation is then related to a percolation process [14]. 
The concept is in good agreement with the results 
shown in Figs 9, 12 and 15. 

Recently, the relationship between the short-range 
icosahedral order in amorphous alloys and the long- 
range order in icosahedral crystals have been explored 
by Sachdev and Nelson [15]. They found that liquids 
near Tg are metastable with respect to a vertex- 
model icosahedron which is stabilized because the 
most prominent Bragg peaks are in appropriate regis- 
try with peaks in the liquid structure factor. Further- 
more, Kofalt et al. [16] have investigated the structure 
of the amorphous and quasicrystalline Pd60U20Si20 by 
X-ray diffraction and found that the distribution of 
atomic pairs in the amorphous phase is similar to that 
in the quasicrystalline phase on the scale of 0.6 nm, 
implying that the local structure between these two 
phases is quite similar. From the good similarity of the 
short-range atomic configuration, it may be con- 
sidered that the icosahedral structure is the most 
important unit cell in metallic liquid or glass. There- 
fore, the icosahedral structure with a developed short- 
range ordering is regarded as a solid-like region with 
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Figure 16 The thermograms of a quasicrystalline A184,6Cr15.4 alloy 
subjected to annealing at 500 K for 100 h. The solid line represents 
the thermogram of the sample subjected to heating at 600 K for 
1 rain. 

a close-packed cluster in an amorphous solid, even 
though a clear picture of the solid- and liquid-like 
regions remains unknown in the three-dimensional 
icosahedral structure consisting of two kinds of rhom- 
bohedra [17] where the sites of aluminium, chromium 
and silicon atoms are thought to be fixed. The similar- 
ity in the short-range atomic configuration between 
the amorphous and icosahedral phases allows us to 
use a similar concept to that proposed for an amor- 
phous alloy in the interpretation of the enthalpy 
relaxation behaviour of the quasicrystal. Accordingly, 
the endothermic reaction for the quasicrystalline alloy 
may be attributed to an unrelaxed-relaxed transition 
in the icosahedral atomic configuration similar to 
liquid-solid-like transition in an amorphous alloy. 

The following three experimental results on the 
enthalpy relaxation behaviour of some quasicrystal- 
line alloys were found: 

1. No endothermic reaction is detected in quasicrys- 
talline A184.6Crls.4 [14] and A180Mn20 [18] binary alloys, 
as exemplified for the AI-Cr alloy in Fig. 16. 

2. The icosahedrons in quasicrystal have been con- 
sidered to consist of two kinds of rhombohedra (types 
I and II) whose faces have "golden rhombuses" [17]. 
Additionally, the atomic sites in the quasilattice have 
been determined from high-resolution electron micro- 
graph images for A1-Mn-Si  alloys [19, 20]: as illus- 
trated in Fig. 17, chromium occupies the vertices of 
the two rhombohedra and aluminium and silicon lie at 
two specified positions on the longest diagonal line in 

the type I rhombohedron and at two specified positions 
on the diagonal line in all rhombic lateral faces in the 
types I and II rhombohedra. Furthermore, the exist- 
ing probability has been estimated to be about 0.4 to 
0.5 as represented by numbers in Fig. 17. 

3. The interlattice spacing of quasicrystalline 
A162 Sil9 Crl9 alloy is slightly smaller than that of quasi- 
crystalline Als4.6 Cr 15.4 alloy because of the replacement 
of aluminium by silicon with a smaller atomic size. 

The multiplication of the constituent atoms results 
in an increase in inhomogeneity in compositional 
density even in the quasicrystals. Accordingly, the 
endothermic reaction appears to be attributable to the 
difference in the bonding behaviour between chro- 
mium and silicon or aluminium atoms, probably 
because the difference in the bonding force becomes 
larger with increasing number of constituent elements. 
It is thought that the unrelaxed regions with a higher 
degree of inhomogeneity in quasicrystalline A162 Si]9 Cry9 
alloy have a disorder configuration between chro- 
mium and silicon or aluminium and are isolately 
embedded over a short range (smaller than that of 
amorphous phase) in the icosahedral matrix with an 
atomic configuration which is more rigid than that of 
an amorphous alloy. Each unrelaxed region under- 
goes configurational ordering resulting from the 
development of Cr-Si pairs which are thought to have 
the strongest attractive interaction from comparison 
[21] of hardness, melting temperature, decomposition 
temperature and heat of mixing among the compounds 
in Cr-Si, A1-Cr and A1-Si systems. The region is 
localized and the ordering is independent of each 
other or non-cooperative in nature upon annealing. 
The subsequent heating to a temperature above T, 
results in the disappearance of the short-range com- 
positional ordering (Cr Si pairs) developed during 
annealing because of the increase in configurational 
entropy with increasing temperature, similar to the 
order-disorder transformation behaviour. A more 
detailed and systematic study on the structural relaxa- 
tion is in progress for the quasicrystalline and amor- 
phous phases in the rapidly quenched A1-Ge-Mn 
and A1-Ge-Cr  alloys found very recently by Inoue 
et al. [22]. 

5. C o n c l u s i o n  
In order to clarify the annealing-induced relaxation 

T y p e ~  

~ o.4 

Figure 17 Fundamental unit cells (two kinds of rhombohedra) constructing a three-dimensional Penrose tiling and atomic site of the 
constituent elements. Each face of these rhombohedra consists of "golden rhombuses" where the ratio of the length of two diagonal lines 
has the "golden ratio" (z = 1.618). The numbers at each atomic site represent the existing probability of the atoms. 
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behaviour of a quasicrystal, the enthalpy change for 
a n  A162 Si19 Cr19 quasicrystal with an icosahedral struc- 
ture has been investigated for samples annealed for 
different periods of 48 to 200h in the temperature 
range 400 to 550 K, in comparison with that for an 
amorphous Al~0Si25 Cq5 alloy with similar alloy com- 
position. The results obtained are: 

1. Upon heating the annealed samples, the quasi- 
crystalline alloy as well as the amorphous alloy show- 
ed an excess endothermic reaction (enthalpy relaxa- 
tion) above T~ followed by a broad exothermic reac- 
tion, and the endothermic reaction was reversible. 
The peak temperature of the endothermic reaction, 
ACp,e,do(Tm), increased almost linearly with In ta. 

2. The magnitude of the ACp,~nao peak for the quasi- 
crystal is independent of Ta, being different from the 
results for the amorphous alloy in that it increases 
significantly with rising Z~. The activation energy 
for the enthalpy relaxation of the amorphous alloy 
increases with increasing temperature from 1.8 eV at 
460 K to 2.60 eV at 550 K, while the quasicrystal has 
an activation energy of -~ 1.3 eV, independent of tem- 
perature. 

3. As no endothermic peak is seen in Als4.6Crls.4 

quasicrystal, the endothermic reaction in A162Si19Cr19 
quasicrystal was attributed to the local-range rearrange- 
ment of chromium and silicon atoms in the funda- 
mental units of two kinds of rhombohedra from a 
short-range ordered state developed during annealing 
to a disordered state, similar to the interpretation 
proposed in an amorphous alloy. 

Interpretation of the annealing-induced relaxation 
behaviour of the A1-Si-Cr quasicrystal on the basis 
of a similar concept to that for an amorphous alloy is 
also supported from the experimental and theoretical 
evidence that the short-range structure is very similar 
in the quasicrystalline and amorphous phases in 
Pd60U20Si20 alloy and in the quasicrystal and glass or 
liquid. 
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