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Effect of cooling rate on the formation of 
metastable icosahedral quasicrystal phase in 
rapidly solidified AI-8.2at % Mn alloy 
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The microstructure of rapidly solidified AI-8.2 at% Mn alloy was analysed by X-ray diffraction, 
transmission electron microscopy and energy-dispersive analysis of X-rays and the effect of 
cooling rate on the formation of the metastable icosahedral quasicrystal phase (IQP) was 
investigated. The formation of IQP was found to be sensitive to the cooling rate in a rapidly 
solidified alloy of a certain composition. A lower critical cooling rate at which metastable IQP 
starts to appear and an upper critical cooling rate at which IQP suppresses completely the 
stable crystalline phase exist. The fact that the amount and the manganese concentration of 
IQP change non-linearly with the cooling rate suggests that there is an optimum cooling rate 
at which both the amount of IQP and its solute concentration reach maximum values in an 
alloy of a certain composition. 

1. Introduction 
Since Shechtman et  al. [1] discovered the icosahedral 
quasicrystal phase (IQP) in rapidly solidified A1-Mn 
(18 to 25.3wt % Mn), A1 Cr and A1 Fe alloys, the 
novel phase, which has a icosahedral point-group 
symmetry that crystals cannot possess and a long- 
range orientational order, has attracted intense inter- 
est [-2-5]. The mechanism of the formation of IQP is 
an interesting and important aspect, and the effect of 
the nominal composition of an alloy on the formation 
of IQP has been investigated [-3, 6]. However, a num- 
ber of works I-7-10] indicated that IQP in A1 Mn 
alloys would transform into the equilibrium phase 
A1,Mn or A16Mn after properly heating, even for 
those IQP which formed not during rapid solidi- 
fication but during precipitation [9]. These facts sug- 
gest that IQP is a metastable phase and its formation 
is dominated mainly by kinetic factors, not by thermo- 
dynamic ones [-21]. It seems that the cooling rate is the 
most important and relatively easy to control kinetic 
parameter although the cooling rate is related to the 
formation of IQP through the solidification rate. 
Therefore, exploration of the effect of cooling rate on 
the formation of IQP is not only helpful in under- 
standing the mechanism of its formation and the 
formation of the other metastable phases, but also 
useful in preparing pure IQP to open a possible way 
for utilizing them in practice. However, up to now 
little research in this aspect has been published. 

In this work, the microstructures of cast and rapidly 
solidified A1-8.2 at % Mn alloy were studied and the 
effect of the cooling rate with the formation of meta- 
stable IQP was explored. 

2. Experimental procedure 
A1-8.2at % Mn cast alloy was prepared with pure 
aluminium (99.99 mass %) and manganese 
(99.9 mass %) by melting in an argon atmosphere. 
Then the cast alloy was spun into ribbons by melt 
spinning using a copper wheel (34 cm diameter) as 
chill substrate. The ribbons thus obtained were gen- 
erally 4 mm wide. Three wheel peripheral velocities, v, 
were selected to vary the ribbon thickness. The aver- 
age ribbon thickness, d, was measured on the cross- 
section of the ribbon by SEM. The evaluation of the 
cooling rate in rapidly solidified alloys is very difficult 
and to date there has been no method in which the 
cooling rate can be measured or calculated accurately 
1-10], especially when the morphology of IQP exhibits 
a non-traditional dendritic form. This may be why the 
cooling rate was not reported in most papers related 
to IQP. However, the cooling rate was found to be a 
function of the ribbon thickness [,11, 12], so using an 
empirical relation between the cooling rate and the 
mean thickness of ribbons 1-13, 14], which is independ- 
ent of the kind of solid phase, the corresponding 
average cooling rates in ribbons were calculated. 
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T A B L E  I Wheel peripheral speed, v, ribbon thickness, d, and 
cooling rate, T, of spun ribbons 

Ribbons v (m sec 1) d (lam) ]#(106 K s e c -  1) 

B-1 32.0 12.8 3.0 
B-2 26.7 16.2 2.4 
B-3 17.8 23.2 1.7 

These results are summarized in Table I. The calcu- 
lated values of cooling rates are very close to those 
reported by Dunlap and Dili [15] who discovered 
IQP in rapidly solidified A1-V alloy; the thickness of 
their ribbons was nearly the same as that of ribbons 
studied in our experiment. 

X-ray diffraction was performed with a Philips PW 
1700 X-ray diffractometer using CuK~ radiation on 
the broad face of ribbons pasted on to a glass plate by 
means of an amorphous glue. The microstructures of 
rapidly solidified alloy were studied with EM-400T 
and H-700 electron microscopes. Foils for TEM were 
prepared by electrolytic polishing using a twin jet in 
an electrolyte of perchloric acid and alcohol 1:9 by 
volume. The microchemistry of the constituent ele- 
ments was determined by energy-dispersive analysis of 
X-rays together with TEM. Because it is known that 
the structure along a ribbon changes owing to varia- 
tion in cooling rate, prior to study in the X-ray 
diffractometer and TEM all ribbons were worn away 
slightly from the wheel side and free side, respectively, 
so that the middle zone of a ribbon was analysed, thus 
the cooling rate was close to the average cooling rate 
of a ribbon. 

3. R e s u l t s  
3.1. Analysis of phase constitut ion 
An X-ray diffraction pattern for the as-cast alloy is 
shown in Fig. 1. ASTM cards were used in the identi- 
fication of the pattern. The alloy consists of a-Al and 
A16Mn phases as shown in Fig. 1. Fig. 2 shows a 
portion of the A1-Mn equilibrium phase diagram 
[16]. It can be deduced that solidification in the as- 
cast alloy is very close to equilibrium solidification 
and =-Al and A16Mn phases are the stable phases in 
A1-8.2 at % Mn alloy. 

X-ray diffraction patterns of spun ribbons are given 
in Fig. 3. ASTM cards and previous work [2, 17, 18] 
were used in the identification of the patterns. It can be 
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Figure 2 A portion of the A1-Mn phase diagram. (*) AI-8.2 Mn 
alloy. 

E 
,4 
L 

90 

B-1 

B-Z 

A[ I A[ 

B-3 

eb 7't) 6o 

A[ 

A[ 

I 

AI 

AL ~A[6Mn 

5b 4"0 3b 2o 
ze (deg) 

Figure 3 X-ray diffraction patterns of spun ribbons. 

seen that the stable A16Mn phase was replaced com- 
pletely by the metastable IQP in ribbons B-1 and B-2, 
but only partly in ribbon B-3. 
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Figure 1 X-ray diffraction pattern of as-cast A1-8.2 Mn alloy. 

3.2. Measurement  of lattice parameter 
of a-AI 

The lattice parameters, a, for as-cast and spun alloy 
were measured by X-ray diffraction using a traditional 
method [19] (see Table II). It can be seen that the 

T A B L E  II Lattice parameter, a, of ct-A1 for as-cast and as-spun 
alloy 

As-cast alloy Spun ribbons 

B-1 B-2 B-3 

a (nm) 0.405 10 0.404 08 0.404 37 0.403 20 
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Figure 4 Relation between ratio of peak intensities of IQP 
(100000) reflection to c~-A1 (111) reflection K, and the cooling rate 
iii (C)) B-a, (�9 B-2, (A) B-3. 

lattice parameter of ~-Al in as-cast alloy is very close 
to the equilibrium value 0.405 06 nm [20] and those in 
spun alloy are smaller. Because the atomic diameter of 
manganese is smaller than that of aluminium it sug- 
gests that :z-A1 in the spun alloy is the metastable 
supersaturated solid solution. It is noted that the 
lattice parameter of ~-A1 in B-2 is the largest among 
the spun ribbons. 

3.3. The relation between the amount of 
IQP and the cooling rate 

Because the diffraction intensity of one phase is dir- 
ectly proportional to its content in a two-phase alloy 
[19], IQP and ~-A1 phases are the principal con- 
stituents in these ribbons, except for a small amount of 
A16Mn phase present in B-3. From the work of Inoue 
et al. [3], a parameter K 1 = (100000)lOp/(1 1 1),_At, 
may be defined as the ratio of heights of the main X- 
ray diffraction peaks of IQP and ~-A1. The magnitude 
of the parameter K1 indicates the relative amount  of 
IQP in a specimen approximately. Fig. 4 shows the 
parameter K1 as a function of the cooling rate and it 
can be seen that the amount of IQP is the largest in 
ribbon B-2 when i/" = 2.4 x 106 K sec- 1. 

3.4. Microstructures 
Microstructures of ribbon B-1 are given in Fig. 5. The 
matrix phase is the =-AI phase and the second is IQP. 
Most IQP have a typical morphology of radial den- 
drites or spherulites instead of the traditional crystal- 
line dendrites [21]. From the morphologies and 
distribution of IQP and :z-Al it is seen that the solidi- 
fication of :z-A1 occurred after the formation of IQP 
[22]. Fig. 6 shows selected-area electron diffraction 
patterns (SAED) for IQP and ~-A1 in ribbon B-1. 
Microstructures and SAED patterns for ribbons B-2 
and B-3 are shown in Fig. 7. It is seen that the 
dendritic grains of IQP in these ribbons became 
coarse and well developed. A few small grains of 
A16Mn appeared among the IQP dendrites in the 
:z-A1 matrix of B-3 (see Figs 7c and d). Obviously, the 
microstructures of the spun alloy are in good accord 
with the X-ray diffraction results. 

Figure 5 TEM microstructures in ribbon B-l: (a) ~-A1 matrix phase 
and IQP; (b) dendrite of IQP; (c) dark-field micrograph 
corresponding to (b). 

3.5. Microchemical analysis 
Fig. 8 shows the dependence of manganese content in 
IQP and ~-A1 measured by EDX, on the cooling rates 
in the spun alloy. The manganese concentration of 
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Figure 6 SAED patterns of B-1 ribbon: (a) to (c) diffractions of IQP; (d) diffraction of ~-A1, [112] zone. 

IQP has a maximum value and that of =-A1 has a 
minimum value in spun ribbon B-2. 

4. Discussion 
Samuel et al. [-2] discovered IQP in their rapidly 
solidified ribbons spun with different wheel peripheral 
speeds in Al-15 wt % (8 at %) Mn alloy, but no A16Mn 
was found. Shechtman et al. [23] investigated A1AMn 
alloy of the same composition before discovering 
IQP in other experiments [-1], but they observed only 
crystalline phases. These contradictory results can be 
easily explained by comparing their findings with our 
results pertaining to the dependence of the formation 
of IQP on the cooling rate. It is noted that the 
compositions of alloys used in their experiments are 
nearly the same as ours. Sheehtman et al.'s, ribbon is 
40 gm, which is thicker than our ribbon B-3, thus the 
cooling rate in their ribbon must be smaller than that 
of B-3, i.e. smaller than 1.7 x 106Ksec-1. On the 
other hand, Samuel used a ribbon of 20 to 30 gm 
which is thinner than that of Shechtman et al., but 
thicker than our ribbon B-2. Thus the cooling rate in 
Samuel's ribbon is higher than Shechtman e t  al.'s, but 
is lower than in ribbon B-2. Therefore, it is easy to 
understand why Samuel observed IQP while Shecht- 
man did not in alloys of similar composition. It is 
evident that the formation,of IQP is sensitive to the 
cooling rate in a rapidly solidified alloy. In AI-Mn 
alloys the cooling rate at which IQP starts to form 
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should be about 106Ksec -1 which is the same as 
estimated by Schaefer et al. [-22] and Shechtman [24]. 
Accordingly, a lower critical cooling rate i/'c2, 
equal to about 106Ksec -1 in A1 8 at% Mn alloy, 
can be defined, at which the metastable IQP starts 
to form. 

Our investigation has suggested that the formation 
of the metastable IQP is the result of the competition 
of nucleation between IQP and another stable phase, 
which is A16Mn phase in A1-8 at % Mn alloy. In such 
a competition the cooling rate plays a very important 
role. Metastable IQP suppresses completely the stable 
AI6Mn phase in ribbons B-1 and B-2 when the cooling 
rate T 1> 2.4 x 10 6 K sec- 1, but replaces it only partly 
in ribbon B-3 when if" = 1.7 x 106K sec - i .  This im- 
plies that there is an upper critical cooling rate Tcl. 
When i? 1> i?ca in an alloy with a certain composi- 
tion the metastable phase suppresses completely the 
competing stable phase. In Al-8.2at % Mn alloy, 
Tcl ~ 2.4 x 106Ksec -1. A similar result was ob- 
tained in rapidly solidified Ni-A1 alloys [25]. 

Obviously, exploring these phenomena, is very im- 
portant in predicting and controlling the formation of 
IQP or other metastable phases. Based on the thermo- 
dynamics and competitive nucleation kinetics we ana- 
lysed the mechanism of formation of metastable phase 
during rapid solidification and presented a criterion 
that the metastable phase, suppresses completely the 
stable one, and a method for calculating the corres- 
ponding upper critical cooling rate, i/'cl [26]. The 



Figure 7 Microstructures and SAED patterns 
for B-2 and B-3: (a) m icrograph of B-2; (b), (c) 
micrographs of B-3; ,(d) SAED pattern of ~-AI 
and A16 Mn in B-3 corresponding to (c); (e) 
identification of(d), ( 0 )  ~-A1 [113] zone and 
(e) A16Mn [112] zone. 
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Figure 8 Dependence of manganese concentrations in IQP and 
~-AI on cooling rates in spun ribbons, 

calculated value is in good accord with the experi- 
mental results in Ni-A] alloy. However, because the 
values of some kinetic parameters in A1-Mn alloys, 
such as the energy of the solid-liquid interface CYSL, 
were not available, calculation of iOcl for IQP cannot 
yet be made but a qualitative deduction based on our 
theoretical work suggests that CYSL of the metastable 
IQP must be smaller than that of competing stable 

A16Mn phase, which agrees with other results [27]. 
Evidently, further study on this aspect is needed. 

Finally, as observed above, in our AI-8.2 at % Mn 
alloy the amount and composition of IQP changes 
non-linearly with cooling rates and at a cooling rate 
i? = 2.4 • 106 K sec- 1 both the amount and the man- 
ganese concentration of IQP attain their maximum 
values. The maximum manganese concentration 
(16.3 at % Mn) is close to the stoichiometric value of 
IQP in AI-Mn alloys (AlgMn as suggested by Inoue 
[3]). Accordingly, it seems that for rapidly solidified 
A1 Mn alloys of a definite composition there is an 
optimum cooling rate, iko, at which both the amount 
of IQP and its manganese concentration reach their 
maximum possible values. In fact Sastry [28], based 
on his experiments in rapidly solidified Mg-Cu-A1 
alloy, made the conjecture that there would be an 
optimum cooling rate for the formation of IQP. It is 
further speculated that the dependence of the CYSL of 
IQP on the cooling rate is non-linear, and when i" 
= i?o the ~SL of IQP is the smallest, so that IQP is the 

most easily formed. Obviously, it is possible that lower 
and upper critical cooling rates and the optimum 
cooling rate also apply for other metastable phases in 
rapidly solidified alloys with a certain composition. 
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We believe that further exploration of this aspect is 
required. 

5. Conclusions 
1. The formation of IQP is sensitive to the cooling 

rate in a rapidly solidified alloy and there is a lower 
critical cooling rate, 2kc2, which is the lowest cooling 
rate for IQP to appear. In A1-8.2 at % Mn alloy,/~c2 is 

10 6 K sec- 1. 
2. The formation of IQP is the result of its competi- 

tion with the stable crystalline phase, which is A16Mn 
in A1-8.2 at % Mn alloy. There is an upper critical 
cooling rate, 2/'cl, which is the lowest cooling rate for 
IQP to suppress completely the stable phase in an 
alloy with a certain composition. In AI-8.2 at % Mn 
alloy, 7~Cl is ~ 2.4 x 106 K sec- 1. 

3. The amount and solute concentration of IQP 
change non-linearly with cooling rate. In AI-8.2 at % 
Mn alloy, the manganese concentration varies from 
13.7 to 16.3at% when 7~= 1.3 • 10 6 to ~ 3.0 
X 10 6 K sec- 1. It is possible that an optimum cooling 
rate, 7~o, exists at which both the amount of IQP and 
its solute concentration reach maximum values. In 
A1-8.2 at % Mn alloy To ~- 2.4 x 106 K sec- 1. 
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