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Abstract—In this work, the relationship between the microstructure and microhardness of Al—-Mg—Li—Zr—
Sc alloy (1421 Al) prepared by ultrafast quenching from the melt has been studied. The following methods are
used in studying the rapidly solidified (RS) alloy: scanning electron microscopy integrated with energy dis-
persive X-ray microanalysis, the method of nuclear reaction analysis, and the measurement of microhardness
changes during isochronal annealing. The intercept method is applied to determine the size of secondary
phases, their volume fraction, and the specific surface area of the interface boundaries in the samples. It is
established that the as-quenched rapidly solidified alloy foils are composed of an aluminum-based supersat-
urated solid solution. It is found that lithium, the content of which reaches 9.0 at %, is unevenly distributed
over the subsurface region of foils. After annealing at 300°C, precipitates of (Sc, Zr)-containing phase are
detected in the structure of foils in addition to magnesium-containing phases. Nonmonotonic changes in the
microhardness are observed during isochronal annealing of the foils in the temperature ranges of 50—100°C,
150—210°C, 230—340°C, which are associated with the precipitation of metastable and stable phases. It is
found that heating of the alloy foils to 340°C leads to an increase in the microhardness by 23%, and a sharp

decrease in the microhardness takes place at temperatures above 400°C.
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INTRODUCTION

The stability of properties during operation is one
of the most important requirements for aeronautical
engineering materials. Aluminium alloys with an Mg
content of less than 7 wt % possess properties that are
nearly the same in the annealed, quenched, and aged
states. The supersaturated solid solution of magne-
sium in aluminum is characterized by a relatively high
strength and good corrosion resistance together with
high plasticity [1]. The effect of strengthening in alloys
of the AlI—Mg system doped with lithium was discov-
ered in 1965 by academician I.N. Frindlyander [2]. It
should be noted for Al-Mg—Li alloys that their
strength is comparable to the strength of other alumin-
ium alloys widely used in aviation. On account of the
addition of lithium, the alloy density decreases and the
elastic modulus increases. At the same time, the spe-
cifics of the heat treatment of alloys of the AlI-Mg—Li
system are associated with the presence of the rein-
forcing &' phase (Al;Li), the decomposition morphol-
ogy of the supersaturated o-solid solution, the nature
of the precipitated additional phases, and their vol-

ume-fraction ratio [3]. However, AlI—Mg—Li alloys in
the coarse-grained state demonstrate limited techno-
logical plasticity and low service properties due to
strain localization.

Currently, most aluminum alloys are doped with
rare-earth and transition-metal additives to enhance
their strength and corrosion properties. The effect of
the addition of Sc ensures higher strength characteris-
tics in alloys of the AI—Mg system in comparison with
the addition of Mn and Zr, which are frequently used
as anti-crystallizing agents for aluminium [4—6]. A
high radiation resistance of Al—Mg alloys with scan-
dium is reported in [7—9]. The use of Sc together with
Zr is also considered to be promising. It is known that
only 0.1—-0.2 wt % of scandium and zirconium gives
rise to a three-fold increase in the strength of alumin-
ium [10]. Zirconium added together with scandium
not only replaces a part of expensive scandium, but
additionally gives a high strength, weldability, and cor-
rosion resistance to aluminium-based alloys [11],
which is especially important in aeronautical engi-
neering.
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A large number of publications are devoted to
studying the microstructure, phase composition, and
mechanical properties of cast samples of industrial
Al—Mg—Li—Zr—Sc alloy of the brand 1421 [12—14].
However, modern methods for structural modifica-
tion are actively sought to improve the properties of
this alloy, namely, methods based on treatment with
pulsed laser radiation [15] and methods of severe plas-
tic deformation (for example, equal channel angular
extrusion (ECAE) [16—18]) are used. Therefore, it can
be concluded that the use of methods of ultrafast
quenching from the melt (UFQM) [19] is also of sci-
entific and practical interest for improving the physi-
comechanical properties of alloy 1421 and the devel-
opment of novel aluminium alloys for operation at ele-
vated temperatures. With UFQM, significant
dispersion of the structural components of the mate-
rial occurs, including the refinement of grains, the
particle sizes of secondary phases decrease, anoma-
lously supersaturated solid solutions are produced,
and metastable intermediate phases are formed.

In this study, the morphology, and the elemental
and phase compositions of alloy 1421 prepared by
rapid crystallization from the melt are determined, as
well as changes in the microstructure and microhard-
ness of rapidly solidified (RS) foils of alloy 1421 upon
annealing are studied. For this purpose, the method of
scanning electron microscopy (SEM) combined with
energy dispersive X-ray microanalysis (EDX) and the
method of nuclear reaction analysis (NRA) are used.
The parameters of the microstructure of alloys are
determined by the method of random secants. The
Vickers microhardness values of the as-quenched and
annealed samples are measured.

EXPERIMENTAL

The studied foils of industrial alloy 1421 with an
elemental composition that includes Al with additions
of 5.5wt % Mg, 2.2 wt % Li, 0.12 wt % Zr, and 0.2 wt %
Sc were prepared by ultrafast quenching from the lig-
uid phase by the method of unilateral cooling. A thin
layer of the melt was crystallized on the inner surface
of a copper cylinder with a diameter of 20 cm, which
was rotated with a frequency of 1500 rpm. The cooling
rate of the melt was about 10° K/s [20]. The thickness
of the studied foils was 40—80 um. For comparison, a
bulk sample in the shape of a parallelepiped, which
was cut from cast homogeneous alloy 1421 and sub-
jected to isothermal annealing at 300°C for 5 h, was used.
To measure the size of secondary phase precipitates, their
volume fraction, V, and the specific surface area, .S, of the
interface boundaries in the samples, the intercept
method [21] with a relative error of 8% was used.

The morphology and elemental composition of the
cross sections of as-quenched foil samples annealed at
300°C for 1 h, as well as a cast homogeneous sample,
were studied using a LEO1455VP scanning electron
microscope with an HKL CHANNELS attachment.
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The measurements were carried out with an accelera-
tion voltage of 20 kV in the mode of detection of back-
scattered electrons. The diameter of the X-ray genera-
tion region was about 3 um.

The lithium content in the subsurface region of
both foil sides, i.e., surface A which is in contact with
the substrate (copper cylinder) during quenching and the
opposite surface, B, which is in contact with air, was
investigated by the NRA method using the "Li(p, or)*He
nuclear reaction with an energy of protons of 1.4 MeV
the backscattering angle 6 was 170°. These measure-
ments were performed on a JULIA (Jena University
Laboratory for Ion Acceleration) Tandentron acceler-
ator (3 MeV) with a detector resolution of 15 keV. The
concentration of lithium in the foils was determined
with an accuracy of 11% by the NRA method using the
standard NRA spectrum obtained under the same
conditions and geometry, as in the present experi-
ments, from a sample of lithium niobate (LiNbO;)
containing 20.0 at % Li [22].

The microhardness, H,, was measured using a
PMT-3 tester with a load of 50 g and an exposure time
of 60 s. The dependence of the H,, value of the foils on
the exposure time at room temperature and under
conditions of isochronal annealing was studied. Iso-
chronal annealing of the foils was implemented from
room temperature to 450°C in intervals of 20°C and
30 min exposures at each temperature. The error in the
microhardness measurements was 4%.

RESULTS AND DISCUSSION

The SEM and EDX methods showed that there are
no inclusions of secondary phases in the volume of the
as-quenched foils of alloy 1421 (Fig. 1a), i.e., the RS
alloy is composed of supersaturated o-solid solution.
Figure 1c shows the microstructure of cast alloy 1421
imaged with backscattered electrons. The results of
local analysis of the elemental composition of phases
in the cast sample are shown in Table 1. Data on the con-
tent of lithium in the sample are not given in Table 1
because of limitations of the EDX method when ele-
ments are lighter than beryllium [23].

The lithium contents in both surfaces of the foil of
alloy 1421 were determined using a proton beam by
means of resonance in the "Li(p, o)*He reaction.
Since the energy of the emitted o-particles (products
of this nuclear reaction) far exceeds the energy of pro-
tons incident on the sample, this makes it possible to
detect lithium in the foil without noise. The NRA signal
from lithium is observed in channel no. 419 (Fig. 2a). For
comparison, the NRA spectrum of a standard LiNbO;
sample with a Li concentration of 20.0 at % [22] is also
given in Fig. 2b. As can be seen from Fig. 2, the exper-
imental and standard NRA spectra are similar. This
allows one to estimate that the lithium content in the
foil subsurface layers is approximately 9.0 at %, which
on 11% exceeds the calculated lithium content in
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CHANGES IN THE STRUCTURE AND MICROHARDNESS

Fig. 1. SEM images of the cross sections of (a) an as-
quenched foil, (b) a foil annealed at 300°C, and (c) a cast
sample of alloy 1421. The numbers designate regions, in
which the chemical composition of the sample was deter-
mined by the EDX method.

alloy 1421. The observed fact of enriching the surface
of the foils with lithium indicates its nonuniform dis-
tribution over the foil thickness. Apparently, this effect
is caused by the fact that the surface of foils and grain
boundaries serve as sinks for the “quenching vacan-
cies—atoms of dissolved elements” complexes [24, 25]
and was observed by us earlier in RS binary aluminium
alloys with Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ge, Sb
[26, 27]. Li atoms (which is an active easily oxidizing
element) diffusing from the bulk of the samples to the
surface react with oxygen and form the lithium com-
pound Li,CO;. It was reported in [28, 29] that the
oxide film on the surface of alloy 1421 prepared by the
ECAE method mainly consists of Li,CO; and MgO
after laser pulse treatment, as in the case of samples of
alloy 1420 (close in composition to alloy 1421)
annealed at a temperature of 450°C.

A solid solution of aluminium with precipitates of
intermetallic phases was observed in the study of the
microstructure of the cast sample of alloy 1421 (see
Table 1 and region /in Fig. 1c). Along with the precip-
itates of magnesium-containing phases in the form of
dark particles, light unevenly distributed inclusions
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Fig. 2. NRA spectra obtained from (a) surfaces A and B of
the foil of alloy 1421 and (b) the standard lithium niobate
(LiNbOj3) sample under bombardment of targets with pro-
tons of 1.4 MeV at an angle of 6.

containing Mg, Al, Sc, and Zr are detected (regions 2
and 3in Table 1), which points to the formation of the
Al;(Sc, Zr) compound [30, 31], which also may con-
tain Li atoms [32]. In later publications [18, 33, 34],
the existence of a more complex phase of the Al(Mg,
Sc, Zr, Li), composition instead of the above phase is

Table 1. Local chemical composition of phases in the struc-
ture of a homogenized ingot of alloy 1421

Analyzed Elemental composition, wt % (at %)
region e} Mg Al Sc Zr

7 0.80 5.40 93.80 _ _
(1.34) | (5.92) | (92.74)

2 1.02 3.31 83.35 7.19 5.13
(1.80) | (3.84) | (88.16) | (4.59) | (1.61)

3 0.99 1.37 68.81 16.52 12.31
(1.96) | (1.78) | (80.42) | (11.59) | (4.26)

4 1.27 5.27 93.47 _ _
(2.10) | (5.76) | (92.13)
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Fig. 3. (a) SEM image of a cast sample of alloy 1421 and
(b—d) the results of EDX analysis performed along the spec-
ified scanning line for Mg, O and Al contents, respectively.

established in samples of alloy 1421 prepared in a non-
equilibrium state after ECAE. On account of the pres-
ence of scandium and zirconium atoms, particles of
this phase can be stable and retained until high tem-
peratures are reached.

The size of dark precipitates (Fig. 1c) is smaller
than the X-ray generation region in EDX, which
makes it difficult to determine the local chemical
composition of the magnesium-containing phases.
The measurements showed that the data obtained for
corresponding region 4 of the sample and given in
Table 1 are close to the values determined in region /
(Fig. 1c). To clarify the chemical composition of the
dark precipitates, the distribution of elements in the
cast sample along the line was additionally scanned.
The results given in Fig. 3 showed that the magnesium
content in the large dark precipitates is about 6.0 wt %
(6.1 at %) on average. Therefore, it can be concluded
that the precipitates of this second phase correspond
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to the B phase (Al;Mg,) [1, 35]. At the same time, it
should be noted that particles of the S; phase
(Al,MgLi), which precipitates in alloys of the Al—
Mg—Li system like the 3 phase after exposure to a tem-
perature of 300°C [36], can also be present in the cast
sample alloy 1421 after homogenization. However, the
B and S, phases cannot be distinguished by the SEM
and EDX methods within this study; therefore, they
will hereinafter be referred to as “magnesium-con-
taining phases”.

The precipitates of magnesium-containing phases,
as well as the particles of (Sc, Zr)-containing phase
with mean chord lengths of 0.18 and 0.20 um, respec-
tively, are revealed in the microstructure of the RS
foils after their annealing at a temperature of 300°C
(see Fig. 1¢). Histograms in the distribution of random
secants on the sections of intermetallic particles in the
cross sections of the annealed foils over the size groups
of chords are given in Fig. 4a. The main part of the
chords for the dark and light precipitates falls into the
first size group extending from 0.05 to 0.15 um and the
second size group extending from 0.15 to 0.25 um,
respectively. The precipitates of these phases are finely
dispersed unlike the precipitates of secondary phases
in the cast sample (Figs. 4b and 4¢), in which the main
part of chords on the sections of the dark and light pre-
cipitates falls into the size group extending from 0.3 to
0.5 um and the size group extending from 0.5 to
1.5 um, respectively.

It is found that the total volume fractions of precip-
itates of magnesium-containing phases in the
annealed foil and homogenized bulk sample are
approximately the same and equal 3.4 and 2.9 vol %,
respectively. However, the specific surface area of
interface boundaries in the RS alloy increases after anneal-
ing from 0.21 um™"! in the cast sample to 0.51 um~" in the
annealed foil as a result of the dispersed particle size of
the dark precipitates. It is found for the (Sc, Zr)-con-
taining phase that the volume fraction of light precip-
itates increases (0.35 vol % in the cast sample vs.
0.46 vol % in the annealed foil). The specific surface
areas of the interface boundaries of the light precipi-
tates in the cast sample and annealed foil are 0.08 and
0.40 um™', respectively, i.e., the § value increases
5 times with a decrease in the particle size upon an
increase in the V'value by 30% in the foils after anneal-
ing in comparison with the cast sample.

The dependence of the microhardness of RS alloy
1421 on the time of aging at room temperature is given
in Fig. 5a. It is found that the microhardness of the as-
quenched foils is 965 MPa, which is 35% higher than
for the cast samples with H,, = 627 MPa. It was deter-
mined that the aging of foils for 5 h leads to an increase
in the microhardness by 19%. Afterward, the H, value
of the samples remains almost unchanged. This
dependence of the microhardness on the exposure
time can be attributed to the creation of high concen-
trations of vacancies upon ultrafast quenching from
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Fig. 4. Distribution of section chords of precipitates of (W) magnesium-containing and (O) (Sc, Zr)-containing phases over size
groups in the (a) annealed foil and (b, c) cast sample of alloy 1421.

the liquid phase. Vacancies actively diffuse at room
temperature and form clusters with doping elements,
thereby increasing the microhardness upon the aging
of foils.

The dependence of the microhardness of foils of
alloy 1421 on the temperature of isochronal annealing
is given in Fig. 5b. A nonmonotonic change of the H,
value with an increase in the heating temperature is
observed. An increase in the microhardness is
observed in the temperature ranges of 50—100°C,
150—210°C, and 230—340°C, which is followed by a
decrease at higher temperatures. The complex behav-
ior of the H,, value of foils during isochronal annealing
indicates that structural and phase transformations
take place in the RS alloy.

In the process of annealing RS alloy 1421, a low-
temperature maximum of the microhardness is
observed in the initial stage at a temperature of
approximately 100°C (Fig. 5b). This initial increase in
the H, value of the foils may be associated with the for-
mation of clusters of doping elements, which involves
vacancies that are generated in the process of foil
preparation. A decrease in the microhardness upon a
further increase in the annealing temperature up to
150°C can be explained by the decay of these clusters
[37]. We previously reported a similar effect of the
influence of clusters of doping elements on the micro-
hardness during annealing for RS foils of alloy AMg6
of the Al—-Mg—Mn system [38] and alloy 6061 of the
Al—Mg—Si system [39].

The next stage of microhardness changes in the
foils of alloy 1421 is explained by the precipitation of
lithium-containing intermetallic phases. As in the case
of RS powders of Al-Li—Mg—Zr alloys [40], the
amount of precipitates of the metastable &' phase
(Al;Li) increases in the annealing temperature range
of 110—190°C. Further annealing of the powders gives
rise to dissolution of the &' phase at 230°C. Moreover,
it should be noted that the reinforcing S,(Al,MgLi)
phase appears in alloy 1421 in addition to the ' phase

[40, 41], the precipitates of which show the highest
density in the temperature range of 270—370°C.

An increase in the microhardness in the range of
260—340°C and a subsequent plateau in the curve of
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Fig. 5. Dependence of the microhardness of the foils on
the exposure time (a) at room temperature and (b) under
conditions of isochronal annealing.
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the dependence of the microhardness on the iso-
chronal annealing temperature that extends up to
400°C is explained by the combined action of the S,
and Al(Mg, Sc, Zr, Li), phases, the finely dispersed
precipitates of which are found in the foils annealed at
300°C (Fig. 1b). As is known, the highest density of
precipitates of this (Sc, Zr)-containing phase in ultra-
fine grained samples of alloy 1421 prepared by ECAE
is observed in the range of 340—410°C [34]. Appar-
ently, a significant decrease in the microhardness of
the alloy foils when they are heated above 400°C is
caused by the processes of the consolidation of inter-
metallic precipitates, which are followed by the pro-
cesses of their dissolution and recrystallization [42]
accompanied by particle coarsening. In addition, it
should be noted that the processes of precipitation of
the metastable ' phase (MgsAlg) begin at 47°C and
proceed to a temperature of 277°C [35, 43]. The stable
B phase is formed either from the ' phase at annealing
temperatures of about 200°C or directly from the
supersaturated solid solution at temperatures above
277°C up to 375—400°C (Fig. 1a). Furthermore, these
phases do not substantially contribute, according to
the results of this study, to the microhardness changes
during annealing of the foils of alloy 1421 unlike the
RS foils of the Al—Mg—Ni and Al-Mg—Fe alloys [38,
391, as well as the foils of the Al—Mg alloy after intense
torsional plastic deformation [44—46]. For these mag-
nesium-containing aluminium alloys, an increase in
the microhardness is observed in the annealing tem-
perature range of 160—250°C.

Currently, alloy 1421 has not been investigated in
foreign laboratories, since its analogues have a differ-
ent composition in other countries. On the one hand,
this is explained by the difficulty in the melting and
casting of alloys of the AlI—Mg—Li system with a high
degree of alloying which reaches 11.0 at % in alloy 1421.
On the other hand, scandium is used as a modifying
agent in aluminium alloy 1421 to improve the set of
mechanical properties, but the wider application of Sc
is limited by its high price and small production vol-
umes. However, Russia has sufficient scandium
resources, as evidenced by the success of OK RUSAL
in the production of scandium oxide with a purity level
higher than 99% [47]. Therefore, the study of the
properties of Al-based materials doped with Sc is an
urgent task for material science.

The obtained results indicate that the study of the
influence of the microstructure and the phase compo-
sition on the physical-mechanical properties of RS
alloy 1421 is promising for optimization of its heat-
treatment conditions, which are determined by the
thermal stability of reinforcing phases. The established
increase in the microhardness of foils upon their addi-
tional heat treatment is of practical interest for
improving the technological processability of the
alloy. The effect of the formation of the finely dis-
persed (Sc, Zr)-containing phase at temperatures
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around 300°C on the mechanical properties of foils
requires additional studies, since this temperature
meets the operating conditions at elevated tempera-
tures and is close to the optimal temperature for
obtaining bulk samples by compaction.

CONCLUSIONS

The performed studies show that the use of ultra-
fast quenching from the melt allows one to modify the
microstructure of industrial aluminium alloy 1421 and
obtain foils with a microcrystalline structure com-
posed of a supersaturated solid solution. The inhomo-
geneous distribution of components over the RS alloy
volume is established. The surface is enriched with
lithium, whose content in the subsurface region of
both sides of the foil is more than 17 times higher than
the calculated concentration in the alloy. The anneal-
ing of foils at a temperature of 300°C for 1 h leads to
the decay of the supersaturated solution and the pre-
cipitation of magnesium-containing and (Sc, Zr)-
containing phases, the volume fractions of whose par-
ticles are 3.4 and 0.46 vol %, respectively. The specific
surface areas of the interface boundaries for the pre-
cipitates of magnesium-containing and (Sc, Zr)-con-
taining phases in the annealed foil are 0.51 and
0.40 um~!, respectively.

The microhardness of the rapidly solidified foils
nonmonotonically changes during isochronal anneal-
ing, which is associated with the precipitation of meta-
stable and stable phases in various temperature ranges.
An increase in the microhardness of the foils in the
temperature ranges of 50—100°C, 150—200°C, and
230—340°C is established. The presence of the precip-
itates of intermetallic phases, the size of which does
not exceed 1 um, leads to dispersion strengthening in
the process of the annealing of alloy 1421 prepared by
ultrafast crystallization and inhibits the recrystalliza-
tion processes, thereby providing a plateau in the curve
of the dependence of the microhardness on the iso-
chronal annealing temperature in the temperature
range of 340—400°C.
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