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Decomposition of supersaturated solid solution of aluminium alloys alloyed with Sc and Zr have been studied
in the work. The binary hypereutectic Al�Sc alloys, hyperperitectic Al�Zr alloys and ternary Al�Sc�Zr alloys
were chosen. Alloys were obtained by the melt-spinning. Melts were quenched from temperatures of T = 1000 ◦C
and T = 1400 ◦C. The crystallization of anomalously supersaturated solid solution (Tquen. = 1400 ◦C) or the
crystallization with the formation of �fan� structure (Tquen. = 1000 ◦C) are possible. The decomposition of
anomalously supersaturated solid solution is continuous, with the precipitation of nanosized spherical Al3X
(X = Sc, Zr) particles. The loss of thermal stability of Al�Sc alloys is due to the loss of coherence of the
strengthening Al3Sc phase. In Al�Zr alloys the loss of strength is due to the formation of a stable tetragonal
DO23-ordered Al3Zr phase. After co-alloying of Al by Sc and Zr a bimodal grained structure was observed for the
hypereutectic ternary alloy (Tquen. = 1400 ◦C). Nanosized grains of 50�60 nm were present on the boundaries of
1�2 µm large-sized grains. Transmission electron microscopy shows the formation of nanocomposite Al3Zr/Al3Sc
particles. The formation of Al3Zr shell changes the nature of the interfacial �t of the particle with the matrix and
slows down the decomposition during the coalescence.

PACS: 64.70.dg, 81.07.Bc, 81.10.Fq

1. Introduction

The development of novel high-strength, heat-resistant
aluminium alloys requires an increase in the volume frac-
tion of particles of strengthening phase in aluminium ma-
trix due to the formation of anomalous supersaturation
with slightly soluble transition metals in Al. Conven-
tional methods of quenching and aging the solid state
are not e�ective in this case. The main task of the study
is to examine the decomposition of anomalous supersat-
urated solutions by transition metals in Al obtained by
quenching from the melt [1, 2]. To solve this problem it
is necessary:

• to study factors that determine the formation of
anomalously supersaturated solid solutions in alu-
minium alloyed with slightly soluble refractory ele-
ments;

• to determine the kinetics and morphology of the
decomposition of anomalously supersaturated solid
solutions in rapidly quenched aluminium alloys;

• to study the thermal stability of structures ob-
tained during decomposition and to assess the pos-
sibility of improving their thermal stability.
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2. Experimental

The materials investigated had to be provided with:
high volume fraction and high precipitation density of
the strengthening phase, as well as high thermal stability
of the structure produced [3]. It was supposed that the
high volume fraction would be provided during the de-
composition of anomalously supersaturated solid solution
obtained by the melt-spinning method; high precipitation
density would be formed during continuous decomposi-
tion with the precipitation of particles which had a low
activation energy for nucleation; thermal stability would
be ensured due to a low surface energy and low mis�t
parameter of the matrix with the phase formed, as well
as low solubility and low di�usion coe�cient of the al-
loying element in the matrix [4]. The formation of the
L12-ordered phase, isomorphic to the matrix, during the
decomposition meets the abovementioned requirements.
Binary hypereutectic Al�Sc alloys, hyperperitectic Al�Zr
alloys, and ternary Al�Sc�Zr alloys were chosen. The Sc
and Zr are transition elements with unlimited solubility
in each other. Alloys were cast with the cooling rate
of 102�103 ◦C/s on a copper plate, and with the cooling
rate of 105�106 ◦C/s, using melt-spinning method on the
copper wheel with the rotation speed of VL = 30 m/s
and VL = 44 m/s. Two quenching temperatures of the
melt were chosen: 1000 ◦C, which is higher than liquidus
temperatures of the alloys studied, and 1400 ◦C, which
is higher than the melting temperature of Al3Sc inter-
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metallic compound (1320 ◦C) but lower than the melt-
ing temperatures of Al3Zr (1560 ◦C). The composition
of aluminium alloy ribbons, the quenching temperature
of melt T and the copper wheel rotation speed VL are
summarized in Table I.

TABLE I

The composition of aluminium alloys and the processing
parameters of ribbons.

No
Al

[at.%]

Sc

[at.%]

Zr

[at.%]

T

[◦C]

VL

[m/s]

1 base 0.67 � 1000 0

2 � 0.67 � 1400 0

3 � 0.67 � 1000 44

4 � 0.67 � 1400 44

5 � 1.2 � 1000 30

6 � 1.2 � 1000 44

7 � 1.32 � 1400 30

8 � 1.32 � 1400 44

9 � � 0.33 1000 44

10 � � 0.33 1400 44

11 � � 1.2 1400 44

12 � 0.6 0.24 1000 30

13 � 0.6 0.24 1000 44

14 � 0.6 0.24 1400 30

15 � 0.6 0.24 1400 44

The transmission electron microscopy JEM 2000FXII,
conventional light microscopy, and microhardness mea-
surement were used in the studies.

3. Results and discussion

3.1. The e�ect of quenching temperature of the melt
on the structure of aluminum alloys

The TEM study of structural and phase states of alu-
minium alloys rapidly quenched with the cooling rate
of 105�106 ◦C/s showed that the quenching temperature
change from 1400 to 1000 ◦C resulted in the crystalliza-
tion mechanism change. Examination of Al�Sc and Al�Zr
alloys showed that regardless of the alloying element,
the melt quenching from 1400 ◦C led to the formation
of single-phase state, i.e. anomalous supersaturated solid
solution (Fig. 1).
The highest concentration of the supersaturated solid

solution was determined by the emergence of nanosized
grains. In Al�Sc alloys the increase in Sc concentra-
tion from 0.67 at.% to 1.3 at.% did not cause signi�cant
changes in the structure. In contrast, in Al�Zr ribbons
quenched from 1400 ◦C the increase in Zr concentration
from 0.33 at.% to 1.2 at.% led to a large volume fraction
of nanocrystalline structure. This state was characterized
by a bimodal distribution of grain sizes. Nanosized grains
of 50�60 nm were present on the boundaries of 1�2 µm
large-sized grains. The presence of nanocrystalline grains
accelerated the formation of metastable and stable phases
during the decomposition of supersaturated solid solu-
tion. The structure had low thermal stability. The micro-
hardness of the Al�1.2at.%Zr alloy was 1300 MPa, which

Fig. 1. The structure of the alloys quenched from
1400 ◦C: (a) Al�0.67at.%Sc; (b) Al�0.33at.%Zr; (c) Al�
1.2at.%Zr; (d) Al�0.6at.%Sc�0.24at.%Zr.

is twice as high as the hardness of the Al�0.33at.%Zr al-
loy. The total supersaturation limit of ternary Al�Sc�Zr
alloys was lower as compared to binary Al�Zr and Al�Sc
alloys. The formation of nano-sized grains was observed
for ternary Al�0.6%Sc�0.24%Zr alloy (Fig. 1d).
The melt quenching from 1000 ◦C led to crystallization

with the formation of �vortex� or �fan� structure (Fig. 2).
The �vortex� structure covered several grains (Fig. 2a,c).
�Fan� structures were inside grains (Fig. 2b,d). The
thickness of the structure branches was about 10 nm.

Fig. 2. The types of crystallized structures of alloys
produced by melt-spinning from 1000 ◦C: �vortex� struc-
ture (a) Al�0.67at.%Sc; (c) Al�0.33at.%Zr; �fan� struc-
ture (b) Al�0.67at.%Sc; (d) Al�033at.%Zr.

The morphology of �fan� and �vortex� structures proves
their crystallization origin. They grew directly from the
melt and did not result from the transformation (cellular
decomposition) in the solid state.
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3.2. The e�ect of Zr

The introduction of Zr in Al�Sc alloy brought about
certain peculiarities in the structure of rapidly quenched
alloys as compared to binary ones. The bimodal distri-
bution of grains with the nanocrystalline component was
observed in ternary Al�Sc�Zr alloys after quenching from
1400 ◦C, in contrast to the binary Al�Sc and Al�Zr alloys
with the same degree of supersaturation. Consequently,
the cumulative e�ect of these elements exceeded the ef-
fect of each component. A decrease in the quenching
temperature to 1000 ◦C (VL = 44 m/s) led to the forma-
tion of single-phase state, i.e. anomalous supersaturated
solid solution. The mixed structure was formed after the
reduction of VL to 30 m/s. The grains crystallized to
form a solid solution and �fan�-structured grains present
in the alloy. Faceted primary Al3Zr particles of the 400�
500 nm were also observed. Thus, the introduction of
Zr in Al�Sc alloys allowed us: to reduce the temperature
of quenching for the formation of anomalously supersat-
urated solid solution, to reduce the total concentration
of alloying elements for the formation of nanosized grain
structure.

3.3. Aging processes of rapidly quenched
aluminium alloys

The TEM study showed that regardless of the nature
of the alloying elements (Sc, Zr) in the initial stages of
decomposition of the supersaturated solid solution the
Al3X (X = Sc, Zr) strengthening L12-ordered phase was
formed. The Al3Sc stable phase particles induced static
distortions in the matrix as a result of mis�t of lattice pa-
rameters. The Al3Zr phase was metastable and did not
induce static distortions in the matrix. It was established
that the mechanism of decomposition and morphology of
precipitated phase depended on the initial state of the
alloy in accordance with the processing parameters. Rib-
bons crystallized with the formation of solid solutions
(quenching from 1400 ◦C) continuously decomposed with
the precipitation of chaotically distributed particles. The
variation of the temperature and aging time allowed us
to obtain a highly dispersed structure containing nano-
sized spherical Al3X (X = Sc, Zr) particles of L12-ordered
phase of about 2 nm size and the precipitation density
≈ 1018 s m−3.
Coherent Al3Sc particles were observed in the Al�Sc

alloy after aging at 450 ◦C for 2 h. The average size d,
the precipitation density Nv and the volume fraction f
of particles are summarised in Table II.

TABLE II

Characteristics of Al3X particles after aging at 450 ◦C
for 2 hours.

Alloy

[at.%]

T

[◦C]

VL

[m/s]

Phase

type

d

[nm]

Nv

[s m−3]

f

[%]

Al�0.67Sc 1400 44 L12 22 4.5×1015 2.5

Al�1.32Sc 1400 44 L12 15 1.8×1016 3.2

Al�1.32Sc 1400 30 L12 19 1.1×1016 4.6

Al�0.33Zr 1400 30 L12/DO23 9 2.3×1016 1.2

The tendency of the particles being situated on dislo-
cations was observed. When the particle sizes were about
30 nm, they lost coherency due to the formation of mis�t
dislocations at the interphase boundary.
Alloys which crystallized with the formation of �fan�

structure (quenching from 1000 ◦C) decomposed through
thickening of the structure branches and formation of
spherical precipitates of Al3X (X = Sc, Zr) L12-ordered
phase between the branches. Destruction of the �fans�
occured during the aging process. Evolution of struc-
ture led to the formation of chaotically distributed par-
ticles of Al3X (X = Sc, Zr) L12-ordered phase with the
precipitation density ≈ 1015 s m−3 (Al�Sc alloys) and
≈ 1016 s m−3 (Al�Zr alloy). Further evolution of these
structures was similar to that of alloys, crystallized with
the formation of solid solutions.

3.4. Thermal stability of structures formed
by rapid quenching

The morphology of the decomposition after long-term
aging at high temperatures was studied to determine
the thermal stability of the structure obtained (Fig. 3).
Comparison of structural changes during isothermal ag-

Fig. 3. Decomposition processes in the Al�1.32at.% Sc
ribbons crystallized: (1) with the formation of solid so-
lutions, quenching from 1400 ◦C at VL = 44m/s: (a), (b)
aging at 450 ◦C for 2 hours, the particle size d ≈ 15 nm,
Nv ≈ 1016 sm−3; (c), (d) aging at 450 ◦C for 20 h, the
particle size d ≈ 87.4 ± 2.6 nm, Nv ≈ 1014 sm−3; (2)
with the formation of �fan� structure, quenching from
1000 ◦C at VL = 44 m/s: (e) after quenching, the thick-
ness of the �fan� branches≈ 5 nm; (f) aging at 450 ◦C for
2 hours, the particle size d ≈ 19.2±2.4 nm. (a), (c), (e)
bright-�eld image, (b), (d), (f) dark-�eld image in re�ex
(100) of the Al3Sc-phase.
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ing and changes in microhardness showed that the in-
crease of hardness was due to the formation of Al3X
(X = Sc, Zr) L12-ordered phase. The most high-strength
state was achieved in the alloys, crystallized with the for-
mation of solid solutions.
The decrease in microhardness below the initial value

was found after aging of the Al�Sc alloys at T > 300 ◦C,
and the Al�Zr alloys at T > 350 ◦C. Alloys, which crys-
tallize with the formation of �fan� structure, were ther-
mally the most stable of the binary alloys.
It was found that the loss of strength of Al�Sc alloys

was due to the loss of coherence of the strengthening
Al3Sc phase particles (Fig. 3b,d). In Al�Zr alloys the loss
of strength was due to the formation of a stable tetrago-
nal DO23-ordered Al3Zr phase.
The Al3Zr metastable phase particles were replaced

by composite L12/DO23 particles during aging at 450
◦C

in Al�Zr alloys (Fig. 4). The plate-like stable phase
was formed inside the metastable phase particle (the size
≈ 10 nm) along ⟨100⟩. Further aging resulted in complete
dissolution of the metastable phase and the formation of
a rod-like stable phase with the length of about 80 nm
after 70 h of aging (Fig. 4).

Fig. 4. The structure of the Al�0.89at.%Zr alloy
quenched from 1000 ◦C at VL = 44 m/s and aged at
450 ◦C for 60 h.

Fig. 5. The morphology of Al3Zr/Al3Sc phase precip-
itate: (a) bright-�eld image, (b) dark-�eld image in su-
perstructural re�ex (100).

The continuous decomposition of the anomalous super-
saturated solid solution of Al�0.6%Sc�0.24%Zr ternary
alloy obtained by rapid quenching from 1000 ◦C at VL =
44 m/s are most interesting. Two alloying elements of
the alloy have a considerable di�erence in di�usion mo-
bility DSc/DZr ≈ 103 and the di�erence in the mis-

�t parameters of the matrix and the Al3X intermetallic
δAl3Sc/δAl3Zr ≈ 2. Therefore one could expect that the
nucleation processes of decomposition would be deter-
mined by the di�usion mobility of Sc, and the processes
of growth and coalescence � by Zr di�usion. This facil-
itates the formation of nanocomposite Al3Zr/Al3Sc par-
ticles with Al3Sc core and Al3Zr shell. The morphology
of such particles is shown in Fig. 5.
The formation of Al3Zr shell changed the nature of the

interfacial �t of the particle and the matrix and slowed
down the decomposition during the coalescence stage.
Reduction in size of particles formed after long-term ag-
ing due to the 0.24 at.%Zr addition in Al�0.6 at.% Sc
alloy is shown in Fig. 6.

Fig. 6. The dark-�eld image in superstructural re�ex
(110) of the Al3X phase of the alloys: (a) Al�0.6at.%Sc,
quenching from 1400 ◦C at VL = 44 m/s, aging at 450 ◦C
for 2 h; (b) Al�0.6at.%Sc�0.24at.%Zr, quenching from
1000 ◦C at VL = 44 m/s, aging at 450 ◦C for 40 h.

Fig. 7. Microhardness change after isothermal aging.

The microhardness change during isothermal aging
at the temperatures 350 and 450 ◦C for alloys rapidly
quenched from 1000 ◦C is shown in Fig. 7. The data pre-
sented imply that ternary Al�Sc�Zr alloys have signi�-
cantly higher thermal stability during aging at the tem-
peratures 350 and 450 ◦C as compared to binary Al�Sc
and Al�Zr alloys.

4. Conclusions

1. The Al�Sc and Al�Zr alloys are solidi�ed with the
formation of anomalously supersaturated solid so-
lution at quenching temperature of 1400 ◦C. The
�fan� structures are solidi�ed at quenching temper-
ature of 1000 ◦C.
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2. The introduction of Zr in Al�Sc alloys allows one
to reduce the temperature of melt quenching from
1400 ◦C to 1000 ◦C for the formation of anomalously
supersaturated solid solution.

3. The loss of thermal stability of Al�Sc alloys is due
to the loss of coherence of the strengthening Al3Sc
phase particles. In Al�Zr alloys the loss of thermal
stability is due to the formation of a stable tetra-
gonal DO23-ordered Al3Zr phase.

4. The nanocomposite Al3Zr/Al3Sc particles with
Al3Sc core and Al3Zr shell form in ternary
Al�Sc�Zr alloys during high temperature aging.
The formation of Al3Zr shell changes the nature
of the interfacial �t of the particle and the matrix,
slows down the decomposition during the coales-

cence stage, which improves the thermal stability
of alloys.
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