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Formation of AI-Cr-Si quasicrystal with high 
silicon concentration by rapid quenching and its 
thermal and electrical properties 
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A quasicrystal revealing five-fold symmetry has been found to be formed in a rapidly 
quenched AI62Cr19Sil~ alloy containing a large amount of metalloid silicon. From analysis by 
the TEM/EDX method, the quasicrystalline single phase was determined to have a com- 
position of AI6zsChT.BSi~9.9. The quasicrystal is composed of randomly-oriented equiaxed 
grains with an average size of 0.5#m. The quasicrystal transforms to a stable AI13Cr4Si4 com- 
pound with a complex cubic structure in the temperature range of 710 to 800 K. The acti- 
vation energy and heat for the transformation are 85 kJ mo1-1 and 2.57 kJ mol -~, respectively. 
The electrical resistivities (Q) at 4.2 and 250 K are 2,83 and 3.65#Qm, respectively, and its 
temperature coefficient at 250 K is 9.33 x 10 -4 K -1, The formation of the quasicrystal in the 
vicinity of AI13Cr4Si4 was inferred to be due to the combination effect of a great supercooling 
ability caused by the low melting temperature for AI -S i  and Cr-Si eutectic type alloys and the 
difficulty of diffusivity of the constituent atoms in the ternary compound with a large unit cell 
and a strong bonding nature between chromium and aluminium or silicon. 

1. Introduct ion  
Since Schechtman et al. [1, 2] discovered a nonequilib- 
rium phase (quasicrystal) with icosahedral point 
group symmetry, which is different from the crystal- 
line phases with long-range period and translational 
order, in a rapidly quenched A18s.vMnl4.3 alloy, a num- 
ber of studies on the formation, stoichiometric alloy 
composition and characteristics of the quasicrystal 
have been carried out over the previous year. The 
quasicrystal has thus attracted a rapidly increasing 
interest as a new nonequilibrium phase which does not 
belong to the two categories of amorphous and con- 
ventional crystalline phases. The alloy systems in 
which the formation of the quasicrystalline phase in 
rapidly quenched alloys has been confirmed from the 
electron diffraction patterns revealing a distinct five- 
fold symmetry are as follows; A1-Mn [1, 2], A1-V 
[3, 4], A1-Cr [5], A1-Mn-Si  [6], Mg-A1-Zn [7], 
Mg-A1-Cu [8], Mg-A1-Zn-Cu [9], Ti--Ni-V [10], etc. 
All the quasicrystals except A1-Mn-Si  containing a 
small amount of silicon below 6 at % are composed of 
metallic elements and a structure model including the 
three-dimensional configuration of metallic atoms has 
been proposed [11, 12] on the basis of the above- 
described alloy components. This is in marked con- 
trast to the results [13] that a number of amorphous 
alloys contain metalloid elements up to about 15 to 
30 at % and the construction of the amorphous struc- 
ture is attributed to strongly attractive interaction 
between metal and metalloid atoms. Very recently, the 
present authors have found that a quasicrystal is 
formed in rapidly quenched A1-Cr-Si  alloys contain- 
ing a metalloid (silicon) as much as about 20 at %. 

This paper aims to present the alloy composition, 
microstructure, thermal stability and electrical 
property of the A1-Cr-Si quasicrystal and to com- 
pare the results of the metal-metalloid type A1-Cr-Si 
quasicrystal with those of metal-metal type quasi- 
crystals such as A1-Cr [5], A1-Mn [1, 2] and A1-V [4] 
systems. 

2. Experimental procedures 
A1-Cr-Si alloys including a ternary compound com- 
position A162CrlgSilg(Al13Cr4Si4) were used in the 
present work. The A1-Cr-Si ingots were prepared by 
arc melting a mixture of pure aluminium (99.99 wt %), 
chromium (99.75 wt %) and silicon (99.999 wt %) in a 
purified argon atmosphere. The compositions of 
alloys reported are the chemically analysed ones. 
Rapidly quenched ribbon specimens with about 
0.02ram thickness and about l mm width were 
prepared from the prealloyed ingots under an argon 
atmosphere using a single roller melt spinning appar- 
atus. The as-quenched and annealed structures were 
examined by X-ray diffractometer using CuKc~ radi- 
ation, analytical transmission electron microscopy 
(TEM) and differential scanning calorimetry (DSC). 
Thin foils for TEM were prepared by electrolytic 
polishing in an electrolyte of perchloric acid and 
enthanol with 1 : 9 volumetric ratio. TEM observation 
and microanalysis were performed on a JEM 200 CX 
analytical microscope equipped with a Lind energy dis- 
persive X-ray spectrometer (EDXS) with a Model 860 
analyser system for standard-less analysis of the thin 
films. The electron microscopy (TEM/EDXS) analysis 
has been known to give microchemical distribution 
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Figure i X-ray diffraction pattern of a rapidly quenched A162Cr]gSit9 
alloy. The data of stable phase prepared by annealing the 
as-quenched sample at 850 K for 1 h are also shown for comparison. 
o, Quasicrystalline phase; <>, aluminium phase; v, stable phase 
(cubic AluCr4Si 4 compound). 

of the constituent elements with an accuracy above 
about 0.5 to 1,0at% [14], even though there are 
some unavoidable error factors such as surface thin 
film due to contamination, absorption and fluor- 
escence effects of X-ray, limited accuracy of the 
standard-less analysis itself, etc. The details of the 
principle and technique have been described elsewhere 
[15]. Measurement of electrical resistivity was made by 
the d.c. method using the four point probe technique 
in a wide temperature range from 4.2. to 250K. 
The temperature was measured using a calibrated 
germanium thermometer at temperatures below about 
90 K and a calibrated diode thermometer in the higher 
temperature range with accuracy better than + 0.01 K 
and _+ 0.1 K below and above 90 K, respectively. 

3. Resuats 
3.1. Rapidly quenched structure 
Fig. 1 shows an X-ray powder-diffraction pattern as a 
function of diffraction angle for a rapidly quenched 
All,Cry9 Si~9 alloy, along with the data of a stable cubic 
AII3Cr4Si4 compound prepared by annealing the 
as-quenched sample at 850 K for I h. Identification 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. [16]. As indexed in Fig. 1, the diffraction 
pattern of the A162CrlgSi19 alloy consists mainly of 
quasicrystalline phase. The deviation of chromium 
and silicon concentrations from A162Cr198i19 was con- 
firmed to restdt in an increase in the diffraction inten- 
sities of the second phase. Accordingly, the X-ray data 
allow us to conclude that a mostly single phase with 
quasicrystal structure is formed in the vicinity of 
19 at % Cr and 19 at % Si. 

Table I summarizes the interlattice spacings of 
the quasicrystalline phase in a rapidly quenched 
A16~CrlgSi~9 alloy together with the data for the quasi- 
crystalline A184.6Cr~5.4 alloy. Here it is important to 

Figure 2 (a) Bright-field electron micrograph and ( b e )  selected area 
diffraction patterns of  a rapidly quenched AlrzCr~gSil9 alloy. 

point out that the interlattice spacing of AI-Cr-Si  
quasicrystal is slightly smaller than that of A184.rCr~5.4 
quasicrystal, probably because of a decrease in alu- 
minium content with a larger atomic size. 

Fig. 2a shows a bright-field electron micrograph, 
and (b-e) selected area diffraction patterns of rapidly 
quenched A162Cr~9SiI9 alloy. The selected area dif- 
fraction patterns can be indexed as [100000Jq, 
[11 1000]q, [1 10000]q and [1 1 2000]q. These pat- 
terns reveal five-fold, three-fold and two-fold sym- 
metries, the same as those of rapidly quenched 
A185.7Mn14. 3 alloy reported by Schechtman et al. [1]. 
The bright-field image shown in Fig. 2a reveals that 
the quasicrystalline phase consists of spherulitic grains 
with a size of about 0.5/~m, and one cannot see radi- 
ating branches stemming from a central core, which 

TABLE I Analysis of X-ray diffraction pattern of the quasi- 
crystalline phase in a rapidly quenched A16zCr,gSi~9 alloy. The data 
of A184.6Cr~s.4 quasicrystal are also presented for comparison 

Index Interlattice spacing (nm) 

A162Cr19Si19 A184.6Cr15 A 

(100000) 0.2184 0.2199 
(1 1 0000) 0.2070 0.2088 
(1 1 I000) 0.1498 0.1515 
(1 0 1000) 0.1280 0.1293 
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Figure 3 Energy dispersive X-ray spectra of a rapidly quenched 
A162Cr19Si19 alloy. 
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were observed for AI-Mn [1, 2], A1-V [3, 4] and 
A1-Cr [5] quasicrystals. 

The analytical compositions of the quasicrystalline 
phase were examined by the EDX method from a 
limited region smaller than about 5 nm in a rapidly 
quenched A162Cr]gSi~9 alloy. A typical example of 
the EDX spectrum taken from the quasicrystal 
spherulite in A162Cr19Si19 alloy is presented in Fig. 3. 
The average chromium and silicon concentrations in 
the quasicrystalline phase were analysed to be about 
17.6 at % and about 19.9 at %. The analytical values 
are nearly the same as the nominal alloy compositon. 
Furthermore, we obtained a preliminary result that no 
systematic variation in analytical chromium and sili- 
con concentrations in the quasicrystal with nominal 
chromium and silicon contents is seen for the A1- 
Cr-Si alloys. From these results, the nonequilibrium 
quasicrystal is concluded to have a limited stoichi- 
ometric composition of All3CraSi 4. This is in good 
contrast to the previous results [4, 5] that the quasi- 
crystalline phase in A1-Mn, A1-V and A1-Cr systems 
has analytical solute concentrations ranging from 17.0 
to 23.6at% Mn, 18.9 to 20.4at% V and 9.0 to 
15.4at % Cr. 

It has very recently been proposed [11, 17] from 
high-resolution electron microscopic images of the 
quasicrystalline A185.7 Mn14.3 and A180Mn20 phases that 
the quasicrystalline phase is composed of two types of 
basic golden rhombohedra, acute and obtuse ones, 
consisting of aluminium and manganese atoms. It 
has furthermore been reconfirmed that a chemical 
formula of the A1-Mn quasicrystal determined from 
analysed compositions is consistent with the atomic 
ratio of manganese to aluminium in the structure 
model [11, 12] including the three-dimensional con- 
figuration of aluminium and manganese atoms in the 
icosahedral quasicrystals. The total concentration of 
chromium and silicon atoms excluding aluminium 
reaches as much as about 38at % which is much 
higher than the solute concentration (16 to 22.5 at %) 
for A1-Mn quasicrystals. Furthermore, the metalloid 
(silicon) concentration is also much higher as com- 
pared with A174Mn20Si6 alloy [6] which is only an 
alloy containing silicon among the quasicrystal alloys 
reported up to date. The marked difference in the alloy 

Figure 4 Differential scanning calorimetry curve of a quasicrystal- 
line A162Cr~9Si19 alloy. AH t = 1160 J mol-l.  

composition suggests that the structure model 
proposed for the A1-Mn quasicrystal is not always 
appropriate for the present A1-Cr-Si alloys containing 
chromium and silicon atoms as much as about 
38at%. A new three-dimensional structure model 
including a site of silicon metalloid is desired to be 
constructed for the A1-Cr-Si quasicrystal. 

3.2. Thermal propert ies 
Fig. 4 shows the DSC curve obtained at a heating rate 
of 40 K min-1 for a quasicrystalline A162Cr]gSi]9 alloy. 
A high intensity exothermic peak resulting from the 
transformation of quasicrystal to cubic AI62Cr]9Si~9 
compound is seen in the temperature range from 710 to 
800 K, suggesting that the structural change starts at 
about 710 K and is complete in a relatively narrow tem- 
perature range of about 90 K. The exothermic heat by 
the structural change was estimated to be 2.57 kJ mol- 1, 
being considerably larger than 180Jmol -~ for 
A180Mn20 [18], 870Jmol -] for A18zsV17.5 [19] and 
550 J mol-~ for A184.6Crls,4 [5] with quasicrystalline 
phase, suggesting that the dissolution of silicon signifi- 
cantly increases the thermal stability of quasicrystal. 

The activation energy for the transformation from 
quasicrystal to stable compound was determined from 
the change of the exothermic peak temperature on the 
DSC curve with heating rate by the Kissinger method 
[20]. As shown in Fig. 5, a linear relationship exists 
between In (c¢/T2p) and 1/Tp, where ~ is the heating rate 
and Tp the temperature of the exothermic peak. The 
activation energy is estimated to be about 85 kJ mol-~. 
It is reasonable to consider that the transformation of 
the nonequilibrium quasicrystalline phase occurs by a 
nucleation and growth process which is controlled by 
the diffusion of aluminium, chromium and/or silicon 
atoms. The activation energy for diffusion in crystal- 
line aluminium has been reported [21] to be 142 kJ mol- 
at temperatures ranging from 729 to 916K for alu- 
minium, 252kJmol -~ at temperatures ranging from 
859 to 922K for chromium and 124kJmol -~ at tem- 
peratures ranging from 617 to 904K for silicon. 
The activation energy for the transformation of the 
A1-Cr-Si quasicrystal is considerably smaller than 
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Figure 5 Kissinger plots ofln(~/T 2) against 1/Tp for a quasicrystal- 
line A162CrlgSi19 alloy. 

those of aluminium, chromium or silicon in aluminium 
crystal, indicating that the diffusion of the constituent 
atoms in the AI-Cr-Si  quasicrystal is easier as com- 
pared with aluminium crystal. This ease is thought to 
be due to the result that the quasicrystal has a higher 
configuration energy of the constituent atoms and 
hence the long-range diffusivity of their atoms is 
significantly enhanced. 

In order to assess the change in the thermal energy 
state of the quasicrystal upon heating up to a tem- 
perature below the onset transformation temperature 
710 K, the temperature dependence of the specific heat 
(Cp) was examined with a differential scanning 
calorimeter. Fig. 6 shows thermograms of the quasi- 
crystal A162Cr2~ Si~7 alloy in as-quenched and annealed 
(680 K x I min) states, along with the data of the 
equilibrium Al13Cr4Si 4 compound with a cubic struc- 
ture obtained by annealing the as-quenched sample at 
850 K for 1 h. The Cp value of the as-quenched quasi- 
crystal is about 22.5Jmol ~K -~ near room tem- 
perature. As the temperature rises, the Cp value 
increases gradually by the increase in the ease of 
thermal vibration of atoms, but the increase in Cp(T) 
becomes smaller at temperatures above about 460 K. 
Since no distinct change in X-ray diffraction pattern is 
observed before and after annealing at 600 K for 1 h, 
the difference in the Cp(T) values between the 

as-quenched and the annealed samples, i.e., the occur- 
rence of the irreversible broad exothermic peak, is 
believed to result from the heating-induced irrevers- 
ible structural change probably due to the annihil- 
ation of various kinds of quenched-in 'defects' and a 
local rearrangement of the constituent atoms in the 
quasicrystal into a lower configuration energy state. 
Furthermore, it can be seen that the Cp values in the 
whole temperature range are consistently higher by 
about 0.2 to 0.5Jmol-~K -1 for the as-quenched 
sample than for the stable cubic AI13Cr4Si 4. The 
decrease in Cp(T) is attributed to the structural 
change from the nonequilibrium quasicrystalline 
structure with higher atomic configuration energy to 
the equilibrium cubic structure with lower configur- 
ation energy. Fig. 6 also shows that the temperature 
dependence of vibrational specific heat is larger by 
about 8% for the quasicrystalline phase than for the 
cubic phase. Such a difference leads us to infer that the 
quasicrystal possesses a lower packing density as com- 
pared with the equilibrium cubic compound, being 
consistent with the previous experimental results [22, 
23] that the density of A1-Mn quasicrystal increases 
by about 1.5% upon the structural change from the 
quasicrystal to the stable phase. The value of AH~ .... 
(= S~2°ozXCpdT) is estimated to be about 431 Jmol -~, 
being smaller by about 15 % than that (505 J mol-!) 
[24] for At60Cr]sSi25 amorphous alloy with a similar 
alloy component. This suggests that the quasicrystal- 
line structure which has been thought [25] to possess 
a near-neighbour bond orientational order is in a 
considerably lower state of atomic configuration 
energy as compared with the amorphous structure. 

3.3. Electrical resistivity 
Fig. 7 shows the electrical resistivity of the quasi- 
crystal A162Cq9Si19 as a function of temperature. The 
resistivity shows a positive temperature dependence 
and increases with rising temperature from 2.83/zf~m 
at 4.2 K to 3.65 #~m at 250 K. The resistivity (6) as a 
function of temperature (T) varies in the approximate 
relation of ~ oc T over the wide temperature range 
except below about 50 K. The high resistivity com- 
bined with a slightly positive temperature dependence 
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Figure 6 Thermogram of a quasi- 
crystalline A162Cr21Sii7 alloy 
in as-quenched and annealed 
(680K x lmin) states (40K 
rain 1). The thermogram of a 
cubic Al13Cr4Si 4 compound 
obtained by annealing the quasi- 
crystalline phase at 850 K for 1 h 
was also presented for corn- 
parison, 
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for the A1-Cr-Si quasicrystal agrees with the results 
[5, 26] for AI-(Mn, V or Cr) quasicrystals without the 
silicon metalloid. 

4. S u m m a r y  
The rapidly quenched structure of AI-Cr-Si  alloys 
containing a large amount of silicon was examined 
and the quasicrystal was found to be formed in the 
vicinity of an alloy composition of A162CrtgSi19. The 
features of microstructure, thermal stability and elec- 
trical resistivity of the AI-Cr-Si  quasicrystal are sum- 
marized as follows. 

1. The quasicrystalline phase was determined to 
have a stoichiometric composition of AI13Cr4Si 4 from 
the analytical composition data. The phase is com- 
posed of randomly-oriented equiaxed grains with a 
size of about 0.5 #m. 

2. The quasicrystal transforms to a stable cubic 
AI~3CraSi4 compound in a narrow temperature range 
from 710 to 800 K accompanied by a transformation 
heat of 2.57kJmol-L The activation energy for the 
phase transformation was evaluated to be about 
85 kJmo1-1 . 

3. A broad exothermic reaction was found to occur 
during heating in the temperature range from 425 to 
the temperature just below the onset transformation 
temperature. The appearance of the low-temperature 
exothermic peak was interpreted as due to the struc- 
tural change from a quenched-in high energy state to 
an annealing-induced lower energy state. 

4. The electrical resistivity shows a positive tem- 
perature dependence and the variation occurs almost 
linearly at temperatures above about 50 K. The resist- 
ivities at 4.2 and 250 K are 2.83 and 3.65 #f~m, respect- 
ively, and the temperature coefficient at 250K is 
9.33 x 10-4K -l. 
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