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Abstract

The paper addresses decomposition processes of supersaturated solid solutions of AI-Mg alloys alloyed with transition met-
als. Al—(3.5-4)at.%Mg—(0.25-0.5)ar.%Sc—(0.15-0.75)at.%Zr—(0.04-0.12)at. % Hf alloys with Sc/Zr ratios 5:2:1:0.3 have
been chosen for study. The alloys were obtained by melt spinning at the quenching temperature of 1000 °C. The annealing in
the temperature range of 300—450 °C was carried out to study aging processes in the alloys. Their structure and mechanical
properties were examined using transmission electron microscopy (TEM), X-ray diffractometry, and hardness measurements.
The temperature ranges of phase transformations were determined by measuring the temperature coefficient of resistivity
a,=1/p ,dp/dT. It has been shown that the highest thermal stability of the alloys is achieved when the Sc/Zr ratio is equal to 1.

Keywords Al-mg alloys - Nanoparticles - Melt spinning - Anomalously supersaturated solid solution - Precipitation

strengthening - Structure

Abbreviations
TEM Transmission electron microscopy
L1,  Crystal lattice structure

Introduction

The development of novel aluminum alloys that have high
heat resistance and strength involves obtaining a heteroge-
neous structure with a large volume fraction of nano-sized
particles of refractory intermetallics, which either do not
interact or hardly interact with the matrix at elevated tem-
peratures. The aging of supersaturated solid solutions of
transition metals in aluminum is one of the ways to obtain
such a structure. Alloys with isomorphic decomposition at
high volume fractions of strengthening particles achieve
high characteristics of strength and ductility. However, due
to the low solubility of refractory elements in aluminum,
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it is not possible to obtain the volume fraction of precipi-
tated strengthening refractory intermetallic compounds that
exceeds 0.5% using conventional technologies. This stimu-
lates the development of innovative technological processes
that could significantly increase the number of refractory
strengthening particles in the matrix.

In this study, the task was to achieve the precipitation
of nano-scale strengthening-phase particles through the
decomposition of anomalously supersaturated solid solu-
tions obtained by rapid melt quenching (Dobatkin et al.
1995; Miroshnichenko 1982). The use of high cooling rates
during the crystallization of aluminum alloys alloyed with
transition metals permits light heat-resistant materials to be
produced due to the increased volume fraction of the above-
mentioned highly dispersed strengthening phase in the pro-
cess of aging. To obtain the high volume fraction of refrac-
tory intermetallics, it is important to study the formation
conditions of the anomalously supersaturated solid solutions
of transition metals, along with the kinetics and morphology
of phase precipitation, as well as the temperature stability
of the structures obtained (Nes 1972; Nes and Billdal 1977,
Nes and Ryum 1971; Ryum 1969).

In our earlier studies (Berezenia et al. 2002, 2003, 2004,
20064, b, 2007, 2012), it was shown that the crystallization
structures of rapidly quenched binary Al-Sc, Al-Zr, Al-Hf
alloys, and ternary Al-Sc—Zr alloys depend on the quench-
ing temperature of the melt. The Al-Sc and Al-Zr alloys

pisllase ol ay .
Ay &) Springer


http://orcid.org/0000-0003-1095-3828
http://crossmark.crossref.org/dialog/?doi=10.1007/s13204-021-01705-x&domain=pdf

514

Applied Nanoscience (2022) 12:513-521

solidify to form an anomalously supersaturated solid solu-
tion at the quenching temperature of 1400 °C. The supersat-
uration of the solid solution during quenching from the melt
can be increased by an order of magnitude. Fan-like struc-
tures develop at the quenching temperature of 1000 °C. The
introduction of Zr into Al-Sc alloys allows one to reduce
the temperature of melt quenching from 1400 to 1000 °C,
resulting in the formation of the anomalously supersatu-
rated solid solution. The decomposition of this anomalously
supersaturated solid solution is continuous, with the precipi-
tation of nano-sized spherical Al X (X—Sc, Zr) particles
of L1,-ordered phase, which is isomorphous to the matrix.

It is well known that the additional alloying of these
alloys with magnesium provides an increase in the vol-
ume fraction of the strengthening phase (Driz et al. 1981;

Mondolfo 1979). Our previous studies of ternary Al-Mg—Sc
alloys obtained by melt spinning showed that the introduc-
tion of Mg in Al-Sc alloys allows one to obtain the anoma-
lous supersaturated solid solution of Sc in aluminum; it is
also accompanied with the inhibition of the coalescence
and the loss of the Al;Sc phase coherence during aging
(Berezina et al. 2008a, b).

The formation of multicomponent intermetallic nano-
scale strengthening particles is possible during the aging of
multicomponent supersaturated solid solutions. The prop-
erties of alloys are determined, primarily, by the structure,
morphology, and volume fraction of these particles, their
surface energy, as well as the fit of crystal structures of
the precipitation phase and the matrix. In our earlier study
(Berezina et al. 2008a), we showed that the decomposition

Table1 Chemical composition 3y Concentration Al Mg Sc¢ Zr  Hf  Mn  Cr  Ribbon sizes
of alloys and parameters of
ribbons Width  Thickness
d, MM t, MKM
1 wt. % Base 4.68 0.69 0279 - 0.855 - 7.8 30-36
at.% Base 522 042 0.08 - 0.42 -
2 wt. % Base 4.00 0869 0.88 - 0.803 0.407 3.3 40-60
at.% Base 4.51 053 0.26 - 04 0.21
3 wt. % Base 298 0388 0.043 0.169 - - 10 30-70
at.% Base 331 0.23 0.01 0.06 - -
4 wt. % Base 4.13 0393 0776 0.126 - - 7 30-60
at.% Base 4.60 024 023 0.04 - -
5 wt. % Base 246 0578 0.504 0.285 - - 14 40-160
at.% Base 2.75 0.35 0.15 0.10 - -
6 wt. % Base 345 0596 0515 0312 - - 14 40-50
at.% Base 3.85 0.36 0.15 0.11 - -
Ar.% OCH 385 0.36 0.15 0.11 - -

Fig. 1 Microstructure of the initial alloy obtained by crystallization at the cooling rate of 10> °C/s
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Fig.2 Equiaxial grain structure in the cross section of rapidly quenched ribbon Nos. 1 (a), 4 (b), 5 (¢), and 6 (d)

in the bulk samples of the Al-Mg—Sc—Zr—Hf alloy solidified
at the cooling rate of 10'-10% °C /s occurs continuously, with
the precipitation of nano-composite heterophase strengthen-
ing Al;Sc/Al;Zr particles of the core/shell type.

The aim of the study is to obtain the anomalously
supersaturated solid solution of Al-Mg—Sc—Zr—Hf rapidly
quenched at the cooling rate of 10°~10° °C /s and to examine
the kinetics and morphology of the precipitation of nano-
sized strengthening-phase particles during aging.

Experimental

In choosing the materials for research, it was taken into
account that they were to provide high volume fraction and
high precipitation density of the strengthening phase, as well
as high thermal stability of the structure formed (Chuistov

2003). It was presumed that a high volume fraction would
be provided during the decomposition of the anomalously
supersaturated solid solution obtained by melt spinning.
High precipitation density would result during continuous
decomposition with the precipitation of particles that would
have low activation energy for nucleation. Thermal stabil-
ity would be ensured due to low surface energy and the low
misfit parameter of the matrix with the phase formed, as well
as low solubility and low diffusion coefficient of the alloy-
ing element in the matrix. The formation of the L1,-ordered
phase, isomorphic to the matrix, during the decomposition
meets the abovementioned requirements. Therefore, the
study focused on Al-Mg alloys alloyed with Sc, Zr, and Hf.

The alloys were prepared by melt spinning on a copper
wheel with the rotation speed of 50 m/s by cooling from the
temperature of 1080 °C. The chemical composition of the
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Fig.3 Structures in the cross sections of rapidly quenched ribbon Nos. 2 (a), 3 (b), 4 (c¢), and 6 (d)

alloys studied, as well as the width d and thickness ¢ of rib-
bons, is summarized in Table 1.

The structures of the alloys in the initial state and
after aging in the temperature range of 300-450 °C were
examined using transmission electron microscopy (JEM-
2000FMFXII), X-ray analysis, metallography (NEO-
PHOT-2), and microhardness measurements. The micro-
hardness values were measured with a PMT-3 Vickers
microhardness tester using 10 g loads, the time of load
duration was 12 s.

The temperature ranges of phase transformations were
determined by measuring the temperature coefficient of
resistivity a,= 1/p, dp/dT during continuous heating at the
rate of 3 °C/min in the temperature range of 20-500 °C. The
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alloys were homogenized in the atmosphere of argon, while
low-temperature aging was carried out in air.

Results and discussion

Figure 1 shows the characteristic microstructures of the
alloys used to produce the ribbons by the melt-spinning
process. Metallographic study has shown that the alloys are
crystallized, to form equiaxial grain structure with the grain
size of ~ 10-20 pm. The eutectic (a-solid solution + parti-
cles of Al;Sc phase) along the grain boundaries as well as
compact equiaxial particles up to 5 pm in size and of the
composition Al;X were observed, where X is Sc, Zr, and Hf.
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Fig.4 Change in the temperature coefficient of electrical resistivity
a,=1/pydp/dT during continuous heating of alloy Nos. 3, 4 (a), 5, 6
(b) at the rate of 3 °C/min

Metallographic study of the ribbons obtained by melt
spinning has shown that their structures depend on the
thickness of the ribbons. An equiaxial grain structure with
the grain size about 1 pm is seen in the cross section when
the thickness of the ribbon is less than or equal to 30 pm
(Fig. 2).

If the thickness exceeds 30 pm, the microstructures of
free and contact sides of the ribbons are different. A homo-
geneous structure with equiaxial grains is observed on the
contact side adjacent to the copper wheel (the size of the
zone is 25-30 um), while a columnar structure can be seen
on the free side of the ribbon (Fig. 3). The presence of
large particles of Al¢(Mn,Cr) intermetallic compound is
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Fig.5 X-ray diffraction pattern of the ribbons in the initial state. Co
radiation

observed in the cross section of ribbon No. 2 on the side
of contact with the copper wheel (Fig. 3a).

The temperature intervals of the aging of the ribbons in
the initial state were determined by analyzing the change
in the temperature coefficient of the electrical resistivity
a,=1/p,dp/dT during continuous heating at the rate of
3 °C/min in the temperature range of 20-500 °C (Fig. 4).
The temperature coefficient of the electrical resistivity
a, when there are no phase transformations in the alloy
is known to be constant. During aging, the formation of
phases is accompanied with the depletion of the solid solu-
tion and the appearance of minima on the curve a;=1(7),
which allows us to determine the temperature ranges of
the aging of supersaturated solid solutions. Due to such
concentrations and heat treatment of the alloys studied,
Mg remains in the solid solution. The obtained curves of
changes in the temperature coefficient of electrical resis-
tivity a;=1f(T) for various ribbon thicknesses are shown
in Fig. 4.

As can be seen in Fig. 4, the changes in temperature
coefficient of electrical resistivity (Fig. 4) during the heat-
ing of ribbon Nos. 3, 4, 5, and 6 are characterized by com-
plex curves that correspond to different temperature ranges
of aging associated with the Sc, Zr, and Hf depletion of
the matrix.

The X-ray phase analysis was carried out for the ribbons
in the initial state. Only the reflexes of a-solid solution
were found on the X-ray diffraction pattern. An example
of the X-ray diffraction pattern of the ribbons in the initial
state, obtained in Co—Ka radiation, is shown in Fig. 5.
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The isothermal annealing of the ribbons at tempera- 12501 5? =
tures 300, 350, 400 and 450 °C for 1, 2, 5, 10, and 15 h g 1000 / \-
was conducted to study aging processes. The aging of the e —_ 1
alloys was carried out in a protective argon atmosphere. T 750 I/ :f:;

The kinetic dependences of the change in microhardness —=—a

during aging at the abovementioned temperatures were 5007 _._z

determined for all ribbons. The kinetics of changes in 250 L . . . . . .
microhardness during aging of the ribbons is presented 0 2 4 6 8 10 12
in Fig. 6.

The largest increase in hardness (~60%) due to aging was b 1750 -
observed for alloy Nos. 1 and 4. It should be noted that in
alloy No. 4 the Zr content doubled, the concentration of Sc 1500 -
dropped to 0.4%, and Mn was absent. The analysis of the
thermal stability of the ribbons, depending on the ratio of the o 1250+
scandium and zirconium content Sc/Zr in the alloy, which S 10004
varied as 5:2:1:0.3, showed that the highest thermal stability s
of the alloy was achieved when the Sc/Zr ratio=1 (alloy No. 750
4). It should be pointed out that the alloy contained neither 500
Mn nor Cr.

The study of the effect of additional alloying of rapidly 250 :
quenched Al-Mg—Sc—Zr alloy with manganese and chro- 12
mium on the kinetics and the morphology of decomposition T h
of supersaturated solid solutions has shown that the intro- € L7s0-
duction of >0.7% Mn leads to~60% increase in the alloy Aging 400°C
hardness during aging. The thermal stability of the alloy 1500 -
grows up to 400—450 °C. Simultaneous alloying of the alloy -\-
with manganese and chromium provides additional strength- s 1250 ——— 1\i
ening, but its thermal stability is lower. The loss of the ther- °E', / .
mal stability of the alloy is due to the phase transformations i 1000 .! e
in the primary particles of the crystallization origin, such /\ )
as Alg(Mn,Cr). The results obtained indicate that the simul- 750 TTT—e— .
taneous addition of manganese and chromium into rapidly
quenched Al-Mg—Sc—Zr alloy is counterproductive. 500 - . . . . . :

To determine the mechanism of ribbons strengthening, 0 4 6 8 o 12
TEM examinations of alloy Nos. 1, 2, 4, and 6 (Table 1) d
were carried out both in the initial state and after aging at
300 °C and at 450 °C for 5 h. The structures of the ribbons
in the initial state and after aging are shown in Figs. 7 and 8.

In the initial state, the structures of the ribbons of alloy Nos.

4 and 6 are similar, the grain size is 1-3 pm, the cells size is g

0.2-0.4 pm. Low-angle grain boundaries are decorated with £l

Al;(Zr,Sc,Hf) primary dispersed intermetallic particles of T

the size ~0.01-0.05 pm and L1,-ordered structure. Much

smaller grain size (less than 0.6 pm) is observed in alloy B

No. 2.~0.06 pm-sized particles are also observed inside « » ]
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Fig.7 Structures of ribbon Nos. 4 (a), 6 (b), and 2 (¢) in the initial state

the grains. These could be intermetallics Al;(Zr,Sc,Hf) of
L1,-ordered phase. Fine-grained precipitations are present
at grain boundaries. The determination of their nature would
require further research. They might be the particles of a
new metastable phase containing Cr.

Strengthening in alloys occurs due to the decomposition
of the supersaturated solid solution. Nano-sized particles
of high-strength Al;X (X is Sc, Zr, Hf) L1,-ordered phase
are formed during aging. After aging, static distortions
arise in the matrix, that are accompanied by Eshby—Brown
diffraction contrast on the bright-field images of the
TEM studies, which indicates the precipitation of the
L1,-ordered phase particles isomorphic to the matrix. The
structures of the ribbons after aging at 450 °C for 5 h are
shown in Fig. 8. Coherent particles are observed on dark-
field images; the average size d, the precipitation density
Hv, and the volume fraction f of particles are presented in

Table 2. Our earlier study (Berezina et al. 2008a) showed
that composite Al;Zr/Al;Sc particles with Al;Sc core and
Al;Zr shell are formed during high temperature aging in
ternary Al-Sc—Zr alloys produced at the cooling rate of
Veooy= 10? °C/s. The formation of Al;Zr shell changes the
nature of the interfacial fit of the particle and the matrix,
it slows down the decomposition during the coalescence
stage, which improves the thermal stability of the alloys.
An increase in the Zr content leads to a change in the
morphology and structure of the strengthening phase. Het-
erophase isomorphic composite particles of L1,/L1, type
are replaced by heterophase non-isomorphic ones of D0,/
L1, type.
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Fig.8 The effect of Sc and Zr concentration on the morphology of the strengthening phase

Table 2 Characteristics of Al;X T p—— Wlth le-orderedsstru%ujre during quenching at the cool-

phase particles after aging at y & v ’ ing rate of V~10"-10° °C/c.

450 °C for 5h 1 16 7310 2.5 2. The decomposition of supersaturated solid solutions is
2 15 53.10'5 22 continuous, with the formation of nano-scale particles
4 85 22.10¢ 5.8 of strengthening Al;X (X is Sc, Zr) L1,-ordered phase,
6 9 1.9-10'¢ 42 which is isomorphous to the matrix.

3. The analysis of kinetic plots of the change in the hard-
ness of alloys during aging at the temperatures of 300,
350, 400, and 450 °C, depending on the ratio of scan-
dium and zirconium Sc/Zr content in the alloy, which
varied as 5:2:1:0.3, has shown that the highest thermal
stability of the alloy is achieved when the Sc/Zr ratio=1.

4. The study of the effect of additional alloying of the rap-
idly quenched AlI-Mg—Sc—Zr alloy with manganese and
chromium on the kinetics and morphology of decompo-
sition of supersaturated solid solutions has shown that
the introduction of Mn > 0.7% leads to a ~60% rise in

Conclusions

1. The multicomponent Al—(3.5-4)at.%Mg—(0.25-0.5)
aT.%Sc—(0.15-0.75)at.%Zr—(0.04-0.12)ar.%Hf alloys
are solidified, to form anomalously supersaturated solid
solution with the precipitation of Al;(Zr,Sc) primary
dispersed intermetallic particles ~0.01-0.05 pm in size
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the alloy hardness during aging. The thermal stability
of the alloy increases up to 400-450 °C. Simultaneous
alloying of the alloy with manganese and chromium pro-
vides additional strengthening, but the thermal stability
of the alloy decreases.
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