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Formation, thermal stability and electrical 
resistivity of quasicrystalline phase in rapidly 
quenched AI-Cr alloys 
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The icosahedral quasicrystal has been found to appear in a wide composition range from 
about 5 to 1 6at% Cr in rapidly quenched AI-Cr alloys, but the formation of the quasicrystal- 
line single phase was limited only in the vicinity of about 1 5.5at% Cr. Analytical solute con- 
centrations in the quasicrystalline phase are not always constant and increase continuously 
from 9.0 to 15.4at% Cr with increasing nominal solute concentration from 6 to 15.4%. The 
quasicrystal can be approximately formulated to be Al~a Cr 2 with a maximum deviation of about 
6% Cr from the stoichiometric ratio to lower concentration side. Vickers hardness and electrical 
resistivity increase gradually with increasing chromium content and rapidly at about 14.5% Cr, 
and their values of AI84.6Cr15.4 quasicrystal are 710 DPN, 2.38#f~m at 4.2 K, and 2.72#f~m at 
293 K. On the other hand, the onset transformation temperature of quasicrystal to crystalline 
phase, Tt, and the heat of transformation, AHt show maximum values of 644 K and 1805 J mol -~ 
at 14.5% Cr and decrease to 625 K and 550J mol -~ at 1 5.4% Cr. AI84.6Cr~5.4 quasicrystal trans- 
forms at two stages to a stable orthorhombic AI~I Crz compound through a metastable inter- 
mediate phase with unidentified structure, while the quasicrystal + AI structure in AI-Cr alloys 
containing less than 1 5% Cr changes directly to stable phases of compounds and aluminium. 
The distinct difference in transformation behaviour of the quasicrystal is thought to be the 
reason for the abrupt changes in Tt and AHt at a composition between 14.5 and 1 5.4% Cr. 

1. Introduction 
A quasicrystal with five-fold symmetry found in a 
rapidly quenched A185.TMn14.3 alloy [1] has attracted 
rapidly increasing interest as a new type of material, 
which does not belong to the two conventional cat- 
egories of crystal and non-crystal. Almost all the studies 
on the formation range, structure, density, electrical 
and magnetic properties and thermal stability of A1- 
base quasicrystals have been focussed on A1-Mn 
[2-11] and A1-V [11, 12] systems. There is little 
information on the formation range and character- 
istics of quasicrystal in the other Al-base alloys. The 
clarification of the composition range, where Al-base 
quasicrystal is formed, is very important in under- 
standing the mechanism of formation of quasicrystal 
during rapid cooling from liquid. The present authors 
found that the quasicrystal is formed in rapidly 
quenched A1-Cr alloys and the formation range of the 
quasicrystalline single phase is different from those of 
A1-Mn and A1-V quasicrystals. The aim of this paper 
is to clarify the formation range, internal defect struc- 
ture, hardness, electrical resistivity, thermal stability 
and decomposition behaviour of the quasicrystal in 
rapidly quenched AI-Cr alloys and to investigate the 
difference in the formation tendency, structural feat- 
ures and characteristics among A1-Mn, A1-V and 
A1-Cr quasicrystals. 

2. Experimental procedure 
A1-Cr binary alloys containing 4, 6, 8, 10, 12.5, 14.5, 
15.4, 16.5 and 18at% Cr were used in the present 
work. The A1-Cr ingots were prepared by arc melt- 
ing a mixture of pure aluminium (99.99wt %) and 
chromium (99.75wt %) in a purified argon atmos- 
phere. The compositions of alloys reported are the 
nominal ones since the losses during arc melting were 
negligible. Rapidly quenched ribbon specimens with 
about 0.02 mm thickness and about 1 mm width were 
prepared from the pre-alloyed ingots under an argon 
atmosphere using a single roller melt spinning appar- 
atus with a copper roller. The as-quenched and 
annealed structures were examined by X-ray diffrac- 
tometer using CuK~ radiation, analytical transmission 
electron microscopy and differential scanning calori- 
metry. Thin foils for TEM were prepared by electro- 
lytic polishing in an electrolyte of perchloric acid and 
ethanol with 1 : 9 volumetric ratio. TEM observation 
and microanalysis were performed on a JEM 200CX 
analytical microscope equipped with a Lind energy 
dispersive 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 distri- 
bution of constituent elements with an accuracy above 
~0.5 to 1.0at% [13], even though there are some 
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unavoidable error factors such as surface thin film due 
to contamination, absorption and fluorescence effects 
of X-ray, limited accuracy of the standard-less analy- 
sis itself, etc. The details of the principle and technique 
have been described elsewhere [14]. Measurement of 
electrical resistivity was made by the DC method 
using the four-point probe technique in a wide tem- 
perature range from 4.2 to 293 K. The temperature 
was measured using a calibrated germanium thermo- 
meter at temperatures below about 90 K and a cali- 
brated diode thermometer in the higher temperature 
range with accuracy better than + 0.01 K and 4- 0.1 K 
below and above 90 K, respectively. Hardness was 
measured by a Vickers microhardness tester with a 
25 g load. 

3. Results 
3.1. Formation of the quasicrystal 
Figs 1 and 2 show X-ray diffraction patterns as a 
function of diffraction angle for rapidly quenched 
All00_xCr, (x = 4, 6, 8, 10, 14.5, 15.4 and 16.5%) 
alloys. Identification of the X-ray diffraction peaks 
corresponding to quasicrystal with an icosahedral 
structure was made by using six independent Miller 
indices as proposed by Bancel et al. [6]. As shown in 
Figs 1 and 2, the diffraction patterns consist of only 
fcc Al(Cr) solid solution at 4% Cr; quasicrystal + 
AI(Cr) in the range from 6 to 14.5% Cr; quasicrystal- 
line single phase at 15o4% Cr; and quasicrystal + 
crystalline compound at 16.5% Cr. Figs 3a-d show 
selected area electron diffraction patterns of rapidly 
quenched A185.sCrt4.5 alloy. Their patterns reveal 
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Figure l X-ray diffraction patterns as a function of  diffraction angle 
for rapidly quenched Al~00_xCrx (x = 4, 6 and 8at %) alloys, v,  
Aluminium phase; O, quasicrystalline phase. 

TABLE I Analysis of X-ray diffraction pattern of the quasi- 
crystalline phase in rapidly quenched A1815V175 AIs4.6Cqs.4 and 
AlT~.sMn~2.s alloys 

Interlattice spacing (nm) 

Index AlszsVIT.s A184.6 Cq s.4 A177.sMnz2.5 

(1 1 1 0 1 0) 0.3453 - 0.3324 
(1 0 0 0 0 0) 0.2252 0.2199 0.2164 
(1 1 0000)  0.2125 0.2088 0.2056 
(1 1 1 000) - 0.1515 0.I485 
(1 0 1 000) 0.1314 0.1293 0J268 

five-, three- and two-fold symmetries and can be iden- 
tified to be (1 00000)q, (1 1 1 000)q, (1 1 0000)q and 
(1 1 2 0 0 0)q, respectively, of icosahedral quasicrystal. 
These features are in good agreement with those of 
rapidly quenched A185.7Mnt4.3 alloy reported by 
Schechtman et al. [1]. It is particularly noticed that the 
quasicrystal single phase in rapidly quenched Al-Cr 
alloys appears in the vicinity of 15.4% Cr and the 
solute concentration for formation of the quasicrystal 
single phase is considerably lower than those (about 
22% Mn and 20% V) for AI-Mn and AI-V alloys. 
This clearly indicates that the solute amount required 
to form a homogeneously quasicrystalline structure is 
not always constant for the A1-X (X = manganese, 
vanadium or chromium) alloys. 

Table I summarizes interlattice spacings of the 
quasicrystalline phase determined from the X-ray dif- 
fraction pattern of rapidly quenched A184.6Crls.4 alloy, 
along with the data [11] for the quasicrystalline 
AI77.sMn22.5 and A18z.sV17.5 phases. The interlattice 
spacings of the A1 Cr quasicrystal are located in the 
intermediate range of A1-Mn and A1-V alloys, and 
increase in the order ofA1-Mn < AI-Cr < A1-V. It 
has previously been shown [11] that the difference in 
the interlattice spacings between A1-Mn and AL-V 
quasicrystals is attributed to the difference in pack- 
ing fraction of A1-V and A1-Mn intermetallic com- 
pounds. Similarly, the difference of the interlattice 
spacings among A1-X (X = chromium, manganese or 
vanadium) quasicrystalline phases seems to be also 
interpreted by taking the packing fraction of AI-X 
intermetallic compounds into consideration. How- 
ever, there are no data on crystal structure available to 
estimate the packing fraction of A1-Cr compounds 
and the packing fraction of A1-Cr compounds cannot 
be estimated. Here it appears important to point out 
that the interlattice spacings of the AI-X quasicrystal- 
line phases have a strong correlation against the atomic 
size of each X element which is a simple parameter 
without consideration of bonding nature between 
atoms; the larger the atomic size the larger is the 
interlattice spacing of the quasicrystalline phases. 

In order to clarify the change in microstructural 
features of the A1-Cr quasicrystals with chromium 
concentration, TEM observations were made for the 
rapidly quenched All00_~Cr x (x = 4 to 18 at %) alloys. 
As exemplified in Figs 4a-d, the area fraction occupied 
by the quasicrystalline phase increases continuously 
with increasing chromium content and A184.6Cqs.4 
alloy appears to consist only of quasicrystal, being in 
accordance with the results obtained by X-ray diffrac- 
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Figure 2 X-ray diffraction patterns as a function of diffrac- 
tion angle for rapidly quenched Alto0 xCrx(x = 10, 14.5, 
15.4 and 16.5 at %) alloys, v, Aluminium phase; o, quasi- 
crystalline phase. 

tion analysis. Additionally, it is seen in Fig. 4 that the 
morphology of the quasicrystal changes significantly 
in the vicinity of about 14 to 15% Cr, where the 
aluminium phase disappears almost completely. The 
quasicrystalline phase in A1-Cr alloys containing less 
than about 14.5% Cr is spherulitic in shape with a 
diameter of about 0.3 to 0.8 #m, and is characterized 
by radiating branches which stem from a central core. 
Also, the spherulite can be divided into subgrains with 
a size of about 0.1 to 0.2 #m. Additionally, the second 
phase with bright contrast corresponding to aluminum 
solid solution can be seen on the grain boundaries and 
subgrain boundaries. On the other hand, the quasi- 
crystal in A184.6Cr15.4 alloy consists of grains with a size 
of about 2 to 3 #m, and one cannot see radiating 
branches growing from a central core. The grain size 
of A184.6Cras.4 quasicrystal is about 2.5 to 10 times 
larger than that of A1-Cr alloys with chromium 
concentrations less than 14.5%, suggesting that 
the growth of the quasicrystal is much easier for a 
stoichiometric AluCr 2 compound. No distinct change 
in the density of internal defects in the quasicrystaltine 
phase is seen between A184.6Crls.4 and A1-Cr con- 
taining below about 14.5% Cr. Fig. 5 shows a rapidly 
quenched structure of A183.sCq6.5 alloy consisting of 
quasicrystal and orthorhombic AlllCr2 compounds. 
The quenched structure is composed of equiaxed fine 
grains with a size of about 0.2#m and the features 
of the morphology and internal defect structure are 
significantly different from those of A1-Cr alloys 

1 7 6 0  

consisting of A1 + quasicrystal duplex phases and a 
quasicrystalline single phase. 

Table II summarizes aluminium and chromium 
compositions of transgranular quasicrystal and inter- 
granular aluminium phases obtained by the EDXS 
method from a limited region smaller than about 80 nm 
in rapidly quenched A194Cr6, A190Crl0 and A184.6Cr]5.4 
alloys. Here the previously reported data [11] of 
A1-Mn and AI-V quasicrystals are also presented for 
comparison. Additionally, typical examples of the 
EDXS spectrum taken from the quasicrystalline 
spherulite and intergranular aluminium phase in 
A190Crl0 alloy are presented in Figs 6a and b. As seen 
in Table II and Fig. 6, the average chromium con- 
centration in the quasicrystalline phase is 9.0% for 
AI94Cr6, 13.7% for A190Cq0 and 1 5.4% for A184,6Crls.4 , 
and that in the intergranular aluminium phase is 3.5% 
for AI94Cr6 and 1.2% for A190Cq0. The systematic 
variation in the analytical chromium concentration in 
the quasicrystalline phase with nominal chromium 
content indicates that the nonequilibrium quasicrys- 
talline phase can exist over a rather wide solute con- 
centration of about 8.6 to 15.8% Cr. The solute 
concentrations are lower than 18.2 to 22.6% Mn [11] 
and 18.9 to 20.4% V [11] in A1-Mn and A1-V quasi- 
crystals. From the analytical data, the composition 
of the A1-Cr quasicrystalline single phase can be 
approximately expressed as Al~lCr2, e v e n  though the 
stoichiometric ratio has a maximum deviation of 
about 6% Cr to lower concentration side. Table II 



TABLE II Energy dispersive X-ray microanalytical concentration of transgranular quasicrystalline and intergranular aluminium 
phases in rapidly quenched AI-Cr alloys. The data for A1-Mn and AI-V quasicrystals were taken from [11] 

Nominal composition Analytical site Analytical aluminium Analytical chromium Average analytical 
of alloy concentration concentration composition 
(at %) (at %) (at %) (at %) 

A194Cr 6 Transgranular 90.4 9.6 A191.oCrg, o 
91.I 8.9 
91.4 8.6 

Intergranular 96.6 3.4 A196.5 Cr3. 5 
96.5 3.5 
96.3 3.7 

A190 Crl0 Transgranular 86.2 13.8 A186.3 Crl3.7 
85.7 14.3 
86.2 t3.8 
88.0 12.0 
85.7 14.3 
85.8 14.2 
86.9 13.1 

lntergranular 98.9 1.1 A!ga.sCrL~ 
98.7 1.3 
98.9 1.1 

AI84.6Crls.4 Transgranular 84.7 15.3 A184.6Cris.4 
84.2 15.8 
85.2 14.8 
84.4 15.6 
84.6 I5.4 
84.4 15.6 

Alvv.5 Mn22.5 Transgranular 77.4" 22.6* A177.4 Mnz2,6 

AlszsVt7.5 Transgranular 79.6* 20.4* A179.6V2o.4 

*Average value. 

also shows that the average solute concentration in the 
intergranular aluminium phase is about 1.2 to 3.5% 
Cr, being different from 6.7% Mn for A1-Mn alloys, 
and 2.1% V for A1-V alloys. The solute concentrations 
in the intergranular aluminium phase are roughly 
proportional to the magnitude of the maximum solid 
solubility extension of chromium, manganese and 
vanadium into the aluminium phase achieved by rapid 

quenching, i.e. 5 to 6at% for chromium [15], 6 to 
9at% for manganese [15] and 1.4 to 2at% for 
vanadium [15]. 

As presented in Table II, the alloy composition of 
the quasicrystalline single phases is approximated to 
be AluCr2, A14Mn and A14V. The solute concen- 
tration of Al-Cr quasicrystal is lower by 4.6% than 
that of A1-Mn and A1-V quasicrystals. It is thus 

Figure 3 Selected area electron diffraction patterns of 
a rapidly quenched Alss.sCr14.5 alloy. (a) (l 0 0 0 0 0)q, 
(b) (1 1 1000)q, (c) (1 10000)q, and (d) (1 1 2000)q. 
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Figure 4 Bright-field electron micrographs of rapidly quenched AI92Cr 8 (a), A190Cqo (b), A185.sCq4.5 (c) and A184.6Crls.4 (d) alloys. 

concluded that the solute concentration required to 
form a quasicrystalline single phase is not always 
constant even in the same aluminium-base alloy 
system. Very recently, a structure model including the 
three-dimensional configuration of aluminium and 
solute atoms in the icosahedral quasicrystals has been 
proposed [8]; the quasicrystal is composed of two 
types of basic golden rhombohedra, acute and obtuse 
ones, consisting of aluminium and manganese atoms. 
The proposal was made by fitting the observed high- 
resolution electron microscopic images with the pro- 
jections of a three-dimensional space filling of the 
Penrose type skeleton which had recently been com- 
pleted by Ogawa [16]. The resulting atomic ratio of 
solute atom to aluminium in the structure model is 
20%, in good agreement with the observed results 
of A1-Mn and A1-V quasicrystals. However, the 
analytical atomic ratio of A1-Cr quasicrystal is about 
15.4% which is lower by about 4.5% than the value 
expected from the structure model. Such a deviation 
suggests the possibility that the chromium site in the 
two types of basic golden rhombohedra can be par- 
tially replaced by aluminium atoms in the range less 
than about 4 to 5%. The reason why only chromium 
atoms can replace aluminium atoms remains unknown 
within the present study. A series of investigations on 
the quasicrystals of A1-X alloys containing solute 
atoms other than manganese, vanadium or chromium 
will shed some light on a more systematic interpre- 
tation of the formation of quasicrystals at different 
solute concentrations. 

3.2. Formation of a metastable crystalline 
phase 

In some electron diffraction patterns taken from 
rapidly quenched A184.6Cr15.4 alloy, extra reflection 
spots which appear to possess five-, three- and two- 
fold symmetries are observed, in addition to the 
regular spots of the quasicrystalline phase, as exem- 
plified in Figs 7a to d. It can be seen that the inter- 
lattice spacings estimated from the extra spots are 
larger by about 10 to 12% than that of the quasicrys- 
talline phase. Furthermore, the bright field image 
(Fig. 8c) taken at remarkably magnified condition 
reveals the occurrence of the moir~ fringes which are 
distributed homogeneously over the micrograph. The 
spacing of the moir~ fringes is not always constant, 
and is in the range from about 0.5 to 8nm. The 
spacing of moir6 fringes caused by the difference in 
lattice spacing of the electron diffraction pattern 
shown in Fig. 8b is estimated to be 2.1 nm for the 
parallel moir6 and 0.5 to 2.1 nm for the rotation 
moir6, being in the same order as the actually observed 
spacings (-~0.5 to 8nm). Thus, the occurrence of 
the moir6 fringe and the good correspondence of the 
observed fringe spacings with the calculated ones indi- 
cate that a metastable phase with a structure similar to 
the quasicrystalline phase is formed in A184.6Cr15.4 alloy 
by rapid solidification. Although the details of struc- 
ture of the metastable phase remain unknown within 
the present study, it is important to point out that the 
metastable phase is in good accordance with an inter- 
mediate phase which appears in the annealing-induced 
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Figure 5 Bright-field electron micrograph (a) and 
selected area diffraction patterns (be)  of a rapidly 
quenched A183.sCr16.5 alloy. 
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Figure 6 Energy dispersive X-ray spectra of a rapidly quenched 
Atg0CrL0 alloy. (a) Transgranutar quasicrystalline phase and (b) 
intergranular aluminium phase. 

transition from the quasicrystalline phase to stable 
orthorhombic AlI ICh compound for rapidly quenched 
A184.6Crlh,4 alloy. 

3.3. Electrical resistivity and hardness 
Fig. 9 shows the change in electrical resistivity at room 
temperature (~R.T) as a function of chromium concen- 
tration for rapidly quenched A1-Cr alloys, together 
with the data of rapidly quenched Ai-Mn alloys [! 1]. 
The ~om~ c value of the AI Cr alloys is 0.50#f~m at 10% 
Cr, increases gradually with increasing chromium con- 
tent and rapidly at compositions above 14.5% Cr and 
reaches 2.72 #f~m for A184.6Cqs.4 alloy with quasicrys- 
tal single phase. The Q values of the AI-Cr quasicrystal 
are considerably tower than those of the AI-Mn quasi- 
crystal. Fig. 10 shows the temperature dependence of 
~o of the A184.6Cqs,4 quasicrystal, along with the data 
of annealed A184.6Crls.4 alloy with the stable All lCr 2 
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Figure 7 Selected area electron diffraction patterns 
of a rapidly quenched A184.6Crlh.4 alloy. (a) 
(lO0000)q, (b) (11 l O00)q, (c) (l lO000)q, and 
(d) (1 | 20DO)q. 

compound phase. The ~ remains almost constant below 
about 25 K and increases almost linearly in the higher 
temperature range. No linear increase of Q with 
lowering temperature in the range below about 60 K, 
observed for the A1775Mn22.5 quasicrystal [9, 10], is 
seen for the A1-Cr quasicrystal. Furthermore, the 
structural transition from quasicrystal to stable com- 
pound causes a decrease of Q by 18 to 28% and a 
disappearance of the plateau stage at temperatures 
below 25 K, indicating that electrical resistive behav- 
iour at low temperatures is different for the quasicrys- 
tal and the stable AIlICr2 compounds. The tempera- 
ture coefficient of resistivity at 293 K, 1/Q293(d~/dT), 
for A184.6Cqh.4 alloy, is 4.74 x 10 -4 K -I for the quasi- 
crystal and increases to 7.55 x 10 -4 K - l  upon the 
structural charge into the stable compound. 

The Vickers hardness (Hv) of rapidly quenched 
A1-Cr alloys exhibits a compositional dependence 

similar to that for the Q values as plotted in Fig. 11. Hv 
is about 255 DPN for Al90Crl0, increases gradually 
with increase in chromium and rapidly at compositions 
above 14.5at% Cr and reaches about 710DPN for 
AI84.6Cr15.4. The hardness value of the A1-Cr quasi- 
crystal is lower by 300 DPN than that (-~ 1010 DPN) 
for A177.5 Mn22.5 quasicrystal. Finally it is seen in Figs 9 
and 11 that the rapid increases of ~ and Hv are 
accompanied by the disappearance of the aluminium 
phase. 

3.4. Thermal stability and decomposition 
behaviour 

Fig. 12 shows DSC curves obtained at a heating rate 
of 40Kmin -1 for rapidly quenched All00_xCrx 
(x = 8, 10, 14.5 and 15.4at %) alloys. Additionally, 
the onset transformation temperature (Tt) at which 
the quasicrystalline phase begins to decompose accom- 

Figure 8 Bright-field electron micrographs (a and c) and selected area diffraction pattern (b) of a rapidly quenched A184.6Crt5.4 alloy. The 
micrograph (c) is a highly magnified structure of the same region as (a). 

1764 



7 

=k 5 

ck 4 

3 

2 

1 

0 

- I !  I I I i 1 i 

. . ~  I I I I I I 

10 12 14 16 18 20 22 
C h r o m i u m  or m a n g a n e s e  c o n c e n t r a t i o n  ( a t % )  

24 

Figure 9 Electrical resistivity of  rapidly quenched A1-Cr alloys as a 
function of chromium content at 293 K. The data of rapidly quenched 
AI-Mn alloys are also shown for comparison. O, A1-Cr; rn, A1-Mn 
alloys. 

panied by exothermic peak and the heat of transfor- 
mation (AHt) are plotted as a function of chromium 
content in Fig. 13. Tt and AHt are 602K and 
790 J tool-~ K-~ at 8% Cr, increase continuously with 
increase in chromium content and show maximum 
values of 644K and 1805Jmol -~ K 1 at 14.5% Cr. 
The further increase in chromium content to 15.4% Cr 
results in decreases of T~ to 625K and AHt to 
550Jmo[ -t Although the thermal stability of the 
icosahedral phase tends to increase with increasing 
chromium content from 6 to 14.5% Cr, A184.6Crls.4 
quasicrystalline single phase exhibits Tt and AHt much 
smaller than those of A18s.sCq4.5 alloys. The marked 
deflection of Tt and AHt between 14.5 and 15.4 at % Cr 
is thought to be attributed to a distinct difference 
of decomposition behaviour as described below; A1 + 
quasicrystal ~ A1 + equilibrium compound for 
A185.sCq4.5 and quasicrystal ~ metastable inter- 
mediate phase (T phase) ~ stable A1,Cr2 compound 
for Alsg.6Crls.4. 

In order to assess the change in thermal energy state 
of the quasicrystal upon heating up to a temperature 
(600 K) below the onset transformation temperature, 
the temperature dependence of specific heat (Cv) of 
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Figure 10 Electrical resistivity of  a rapidly quenched AI84.6Cr15.4 
alloy as a function of temperature. The data of  A184.6Cqs.4 alloy 
annealed for 10 min at 1000 K are also shown for comparison. 
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Figure 11 Vickers hardness of  rapidly quenched A1-Cr alloys as a 
function of  chromium content. The data of rapidly quenched 
AI-Mn alloys are also shown for comparison. Load: 25 g. O, Al-Cr;  
D, A ~ M n .  

rapidly quenched Als4.6Cr15.4 alloy with quasicrystal- 
line single phase was examined with a differential 
scanning calorimeter. Fig. 14 shows the thermograms 
of the quasicrystalline A1-Cr alloy in as-quenched and 
annealed (600 K for 1 min) states, along with the data 
of equilibrium AluCr2 compound with an ortho- 
rhombic structure obtained upon annealing at 800 K 
for 1 h. The Cp value of the as-quenched quasicrystal 
is about 26.2 J tool-~ K-i  near room temperature. As 
the temperature rises, the Cp value increases gradually 
by the increase in the ease of thermal vibration of 
atoms, but the increase of Cp(T) becomes smaller at 
temperatures above 440 K. Considering the result that 
no distinct change in X-ray diffraction pattern is 
observed before and after annealing at 600K for 
10 min, the difference in the Cv(T ) values between the 
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Figure 12 Differential scanning calorimetry curves fbr rapidly 
quenched Al]00 xCrx (x = 8, 10, 14.5 and 15.4at%) alloys. 

!765 



750 

700 

~'o 650 

60( 

55(. 
~--2000 
% 
E 1500 

~I000 

5OO 

5 

I I 

t 

o 

J 

/ 
i / 

/ o  

/ ~ ° / u  1 
I 

I I 
10 15 

Chromium ( (}t o/o) 

I I I I I 

30 40 

7 
- I 

i I 

5o 6o 7'o 8'0 
2e (E118o rad) 

Figure 13 Changes in the onset t ransformation temperature from 
the quasicrystal to crystalline phase, Tt, and the heat of transfor- 
mation, AH t, as a function of chromium content for rapidly 
quenched AI -Cr  alloys. 

Figure 15 Change in X-ray diffraction patterns of quasi- 
crystalline A184.6Crls.4 alloy upon annealing in vacuum for 
10min at 600, 690 and 800K. v,  Quasicrystalline phase. 

as-quenched and the annealed samples, i.e., the occur- 
rence of the irreversible broad exothermic peak accom- 
panied by a heat of about 151 Jmol ], is believed to 
result from the heating-induced irreversible structural 
change probably due to the annihilation of various 
kinds of quenched-in 'defects'. Furthermore, it can be 
seen that the Cp values in the whole temperature range 
are consistently higher by about 0.2 to 0.5 J mol- ~ K-  ] 
for the quasicrystal sample than for the stable ortho- 
rhombic A1]tCr2. The decrease in Cp(T) is attributed 
to the structural change from the nonequilibrium 
quasicrystalline structure with higher atomic con- 
figuration energy to the equilibrium orthorhombic 
structure with lower configuration energy. Fig. 14 also 
shows that the temperature dependence of vibrational 
specific heat is larger by about 10% for the quasicrys- 
talline phase than for the orthorhombic phase. Such a 
difference allows us to infer that the quasicrystalline 
phase possesses a lower packing density as compared 
with that of the equilibrium A1],Crz compound. This 
inference is consistent with the previous experimental 
results [4, 5] that the density of A1-Mn quasicrystal 
increases by about 1.5% upon the structural change 
from the quasicrystal to the stable phase. 

3C 
"7 
"6 
E ~ S  ------- Cp,e /"- - 

_ . ~ _ ~ I - - - - ~ = ~ -  --.,, ; .... ,,, ; 

2£ 

400 4~0 560 ~0 660 6~0 760 7~0 860 Tempereture (K) 
Figure 14 The thermograms, Cp, q~ --) and Cp,s, ( ), of a quasi- 
crystalline A184.6Crls.4 alloy in as-quenched and annealed (600K x 
l min states (40Kmin- I ) .  The thermogram Cp,c ( -  . . . .  ) of an 
or thorhombic A184.6Crjs.4 alloy obtained by annealing the quasi- 
crystal at 800 K for 1 h was also presented for comparison. 

Structural change corresponding to the appearance 
of the two exothermic peaks for Als4.6Cq54 quasicrys- 
tal shown in Fig. 13 was examined by transmission 
electron microscopy and X-ray diffraction analysis. 
Fig. 15 shows the change in X-ray diffraction patterns 
of quasicrystaltine Als4.6Crls.4 alloy upon annealing 
for 10min at 600, 690 and 800K. As is apparent from 
Fig. 12, the three annealing temperatures (Ta) corre- 
spond to the temperatures below the first exothermic 
peak and below and above the second peak, respec- 
tively. As shown in Fig. 15, the diffraction peaks of the 
quasicrystal remain almost unchanged at Ta = 600 K, 
but the annealing at 690 K results in almost complete 
disappearance of the quasicrystalline peaks and 
appearance of a metastable intermediate phase with a 
structure similar to the icosahedral phase. The further 
rise of T~ to 800 K causes a change from the inter- 
mediate phase to stable orthorhombic A1HCr 2 com- 
pound. Fig. 16 shows the changes in bright field 
images and selected area diffraction patterns of 
A184.6Cqs.4 quasicrystal with T~. The AI-Cr alloy conr 
sists of quasicrystal and metastable intermediate 
phases after annealing at 600 K for 10 rain, mostly the 
intermediate phases after annealing at 600K for 
10 rain and stable A1, Cr2 compound after annealing 
at 800K for 10rain. The two-stage decomposition 
behaviour is in accordance with the results obtained 
by X-ray diffraction analysis and DSC curves. Accord- 
ingly, the two exothermic peaks for A184.6Cqs.4 quasi- 
crystal are attributed to the transitions from quasi- 
crystal to metastable intermediate phase and from the 
intermediate phase to stable orthorhombic compound. 
The similar two-stage decomposition behaviour has 
also been recognized for A180Mn20 quasicrystalline 
single phase in which the decomposition occurs in the 
process of quasicrystal ~ a metastable intermediate 
phase (T phase) ~ hexagonal A14Mn [17]. 

On the other hand, bright field electron micro- 
graphs and selected area diffraction patterns of 
Als~.sCrt4.5 alloy annealed at temperatures above the 
onset transition temperature are completely different 
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Figure 16 Bright-field electron micrographs and selected area diffraction patterns of A184.6Crl~.4 alloy annealed at 600 K (a--c), 690 K (d-f) 
and 800 K (g-i) for 10min after rapid quenching. 

from the as-quenched quasicrystal and the structure 
was identified to be mainly composed of A1-Cr com- 
pounds. No quasicrystalline and metastable inter- 
mediate phases are seen for the A185.fCq4.5 samples 
after annealing at temperatures above the onset 
decomposition temperature. From these results, it is 
concluded that the high intensity exothermic peak for 
A1-Cr alloys below about 15% Cr is due to the struc- 
tural change from quasicrystal + A1 to stable phases 
(A1 + A17Cr and AlvCr + AlllCr2). This decom- 

position behaviour is largely different from that of 
Als4.6Cr15.4 quasicrystalline single phase and this 
difference is thought to cause the distinctly distin- 
guishable deflection in the 7~ and AH t at a composition 
between 14.5 and 15.4% Cr. 

4. Summary 
The structure of rapidly solidified A1-Cr alloys is 
composed of quasicrystal and fc c aluminium phases 
at compositions below about 15 at % Cr and a quasi- 
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crystal single phase with a grain size of 2 to 3 #m in the 
vicinity of 15.4at% Cr. The further increase in 
chromium content results in a mixed structure of crys- 
talline compounds. Analytical solute concentration in 
the quasicrystalline phase is not always constant and 
increases continuously in the range from 9.0 to 
15.4at% Cr with increasing nominal solute con- 
centration from 6 to 15.4 at % Cr. The quasicrystal in 
rapidly quenched A1-Cr alloys can be thus approxi- 
mated to be A1HCr2 with a maximum deviation 
of about 6 at % Cr from the stoichiometric ratio to 
lower concentration side. Vickers hardness and elec- 
trical resistivity increase gradually with increasing 
chromium content and drastically above about 
14.5 at % Cr at which the crystalline aluminium phase 
almost disappears. These are 710DPN, 2.38/E~m at 
4.2 K and 2.72/~Qm at 293 K for A184.6Crts.4 with quasi- 
crystalline single phase. The onset transformation 
temperature of quasicrystal to crystalline phases, Tt, 
and the heat of transformation, AHt, show maxi- 
mum values of 644 K and 1805 J mol I at 14.5 at % Cr 
and decrease to 625 K and 550 J tool-1 at 15.4 at % Cr. 
The decrease in thermal stability for the quasicrystal- 
line single phase is interpreted as due to the differ- 
ence of decomposition behaviour; the quasicrystal 
in A184.6Cr15.4 decomposes in the processes of 
quasicrystal --* quasicrystal + metastable intermediate 
crystalline phase--, stable orthorhombic A1HCr2, 
while the quasicrystal + AI structure in A1-Cr alloys 
containing 6 to 14.5 at % Cr changes directly to stable 
phases of Al + A17Cr and A17Cr + AlllCr2. 
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