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Abstract—The influence of high-temperature annealing on the composition of surface layers of rapidly solid-
ified Al–Mg–Li–Sc–Zr alloy foils of 1421 grade obtained by centrifugal quenching from the melt has been
studied when heated to 380°C in air depending on the holding time. Surface elemental mapping of the foils
annealed for 1 h was carried out by scanning electron microscopy with energy dispersive X-ray microanalysis.
The depth distribution of lithium after annealing the samples for 1, 2, and 8 h was studied by nuclear reaction
analysis. After short-term annealing for 1 h, the formation of a gradient composition with an increased con-
tent of the main alloying elements in the surface layers of annealed foils was found. The thickness of the dif-
fusion layer enriched with lithium is about 3.3 μm. In the 0.3-μm-thick near-surface layer, the average lith-
ium concentration is 30 at %. In contrast to the contact surface, the nonmonotonic character of the lithium
concentration profiles of the foils near the free surface includes the presence of a sharp maximum at a depth
of 0.3 μm: the lithium content increases from 20 at % in the thin surface layer (0.1 μm) up to 40 at %. During
the annealing process, with increasing holding time, an intensive mass transfer of lithium atoms to the depth
of the foils is observed. The thickness of the diffusion layer increases 4 times.

Keywords: Al–Mg–Li–Sc–Zr alloy, rapid solidification processing, lithium, magnesium, scandium, map-
ping, scanning electron microscopy, energy-dispersive X-ray microanalysis, nuclear reaction analysis
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INTRODUCTION
Resource-saving methods of obtaining materials

such as melt spinning technique, centrifugal solidifi-
cation, and additive technologies [1–3] allow high
metal cooling rates to be achieved and are actively used
in modern industrial technologies. Rapidly solidified
(RS) alloys are successfully manufactured and used
both in the original form of foils, tapes, and powders
and in a consolidated state in the production of mas-
sive parts from powder raw materials [4, 5]. Therefore,
while the use of aluminum-lithium alloys based on the
Al–Mg–Li alloying system as high-tech materials for
aviation and aerospace technology allows increasing
the weight efficiency of aircraft due to the unique
influence of lithium on the complex of properties of
Al–Mg alloys [6–9], interest in these alloys obtained
under nonequilibrium conditions is growing [10]. In
particular, as a result of high-speed crystallization of
melts, it is possible to create aluminum alloys whose
level of physical, chemical, and mechanical character-

istics is significantly higher in comparison with tradi-
tional metallic materials [2] due to the achievement of
high melt cooling rates (∼106 K/s). At the same time,
the initial structure of rapidly solidified alloys of com-
plex composition is highly nonequilibrium and, at ele-
vated annealing temperatures, there is a problem of
degradation of the structure at various levels and, con-
sequently, the properties of materials with holding
time. Therefore, for operation at high working tem-
peratures, it is necessary to investigate the stability of
the structure and, consequently, the properties of rap-
idly solidified aluminum materials over a wide tem-
perature range.

The prospects for the synthesis of the multicompo-
nent Al−Mg‒Li−Sc‒Zr alloy of 1421 grade under
high-speed crystallization conditions are determined
by the use of the rare earth metal Sc and the transition
metal Zr as modifiers to increase thermal stability, as
well as strength and corrosion characteristics. The
number of works devoted to the influence of nonequi-
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librium conditions of ultrafast quenching from the
melt on the structural-phase state of alloys of the
Al−Mg‒Li system [11, 12] is very limited in compari-
son with studies of the structure and phase transfor-
mations in alloys obtained under nonequilibrium con-
ditions using methods of severe plastic deformation
and methods of surface treatment with laser radiation
[2, 13–16]. However, a comparison of the mechanical
properties of these materials after annealing, for exam-
ple, microhardness, revealed increased thermal stabil-
ity of rapidly solidified materials [17–20], associated
with the structural-phase state of microcrystalline
alloys. Previously, we found that high-speed cooling of
the liquid phase of alloy 1421 during quenching causes
the formation of a supersaturated solid solution of the
α-phase of Al, in which an anomalous increase in the
solubility of alloying components that are poorly solu-
ble under equilibrium conditions in aluminum is
achieved [21]. It was also established that the structure
and phase composition of microcrystalline foils of
alloy 1421 differ significantly from the equilibrium
state of cast coarse-grained samples of the alloy due to
the expansion of the temperature-concentration
region of the solid solution and the formation of non-
equilibrium phases in the process of its decomposition
during annealing, including the metastable lithium-
containing phase Al(Mg, Sc, Zr, Li)x [21]. Later, in
[22], during high-temperature annealing with a hold-
ing time of 1 h, the effect of a multiple increase in the
lithium concentration in the near-surface regions of
the foils was revealed for the first time. Continuation
of the study of the temperature dependence of the sur-
face segregation of lithium in foils showed that, during
low-temperature annealing, on the contrary, deple-
tion of lithium in the surface and deep layers of the
samples occurs [23]. The obtained results are of scien-
tific and practical interest and demonstrate the rele-
vance of the direction of research on identifying the
patterns of structural-phase transformations in rapidly
solidified samples of alloy 1421 during high-tempera-
ture annealing. In particular, the choice of optimal
modes of strengthening heat treatment is important
for studying the problem of the negative influence of
temperature effects on the physicochemical and
mechanical properties of materials in aggressive gas
and liquid environments.

The aim of this work is to study the effect of high-
temperature annealing on the surface composition of
rapidly solidified Al–Mg–Li–Sc–Zr (1421) alloy
foils, including the effect of lithium surface segrega-
tion as a function of annealing holding time. In this
paper, a comprehensive study of segregation processes
in rapidly solidified Al–Mg–Li–Sc–Zr alloy was car-
ried out using scanning electron microscopy (SEM)
with the use of X-ray spectral analysis (XRMA) in
addition to the nondestructive method of instanta-
neous nuclear reactions (INR) based on the use of a
nuclear reaction on protons (p, α) to determine the
concentration profiles of lithium in 1421 alloy foils
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
depending on the distance from the sample surface to
the analysis area.

EXPERIMENTAL
The objects of the study were foils of Al (5.8 at %),

Mg (8.1 at %), Li (0.03 at %), Zr (0.11 at %), Sc alloy
grade 1421 obtained by high-speed crystallization
from a melt with a crystallization rate of 106 K/s [11],
when the melt was poured onto the inner surface of a
rotating copper cylinder. As a result, samples of rapidly
solidified elongated foil with a thickness of 60–80 μm
were obtained, for which it was assumed that the contact
surface A is the side in contact with the cylinder and the
“free” surface B is the reverse side in contact with air. The
foils were annealed at 380°C for 1, 2, and 8 h.

Elemental analysis of the air-contacted surface of
annealed foils was studied using an FEI Helios Nano-
lab 650 dual-beam scanning electron microscope
(United States) equipped with an energy-dispersive
analyzer attachment. The measurements were carried
out at an accelerating voltage of 30 kV in the reflected
electron mode.

The redistribution of lithium across the foil depth
with annealing holding time was studied by the INR
method using a nuclear reaction 7Li(p, α)4He during
irradiation of annealed foils with accelerated protons
with an energy of 1.4 MeV. The measurements were
carried out on a JULIA tandentron accelerator (3 MV)
(Jena University Laboratory for Ion Acceleration)
with a detector resolution of 15 keV. The detector in
the experiments when obtaining spectra was at a scat-
tering angle of θ = 170°. The diameter of the beam
incident on the target was 1 mm. Using the SIMNRA
program [24], theoretical spectra were calculated, rep-
resenting the sample in the modeling as a set of layers
of a given thickness of ×1015 at/cm2 and elemental
composition. By generating partial spectra of chemical
elements, the best agreement between theoretical and
experimental spectra was obtained and, consequently,
the depth profile of lithium concentration was deter-
mined. To interpret the experimental results, the
thickness of the model layers was converted into linear
dimensions using the method described in [25], for
the first time taking into account the oxide-hydroxide
layer [26], the thickness of which on the surface of the
foils was estimated to be 1 μm. The statistical error in
determining the lithium concentration using the INR
method ranged from 5 to 15%.

RESULTS AND DISCUSSION
Figure 1a shows a backscattered electron image of

a typical surface morphology of the alloy 1421 foil
annealed at 380°C for 1 h. Elemental mapping of the
surface of annealed foils was carried out using an X-ray
energy-dispersive spectrometer. A typical result of
energy dispersive X-ray analysis is shown in Fig. 1b.
TRON AND NEUTRON TECHNIQUES  Vol. 19  No. 1  2025
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Fig. 1. Image of the air-contacting surface of rapidly solidified 1421 alloy foil annealed at 380°C for 1 h: SEM image obtained in
the secondary electron detection mode of a section of foil (a) and the corresponding X-ray microanalysis map of the distribution
of the main chemical elements over the surface (b), as well as the distribution of elements obtained in the characteristic X-ray
radiation of carbon (c), oxygen (d), magnesium (e), aluminum (f), zirconium (g) and scandium (h) atoms.
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Fig. 2. XRMA spectrum obtained for a section of alloy 1421 foil (an image of which is shown in Fig. 1a) with characteristic lines
of chemical elements.
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Table 1. Results of the study of the chemical composition
of the area of the surface of the alloy 1421 foil in contact
with air by the X-ray microanalysis method

Elements Content, at % Content, wt %

Mg 6.31 5.71

Al 93.52 93.95

Sc 0.14 0.24

Zr 0.03 0.09
The distribution maps obtained in the characteristic
X-ray radiation of carbon, oxygen, magnesium, alu-
minum, zirconium, and scandium atoms are shown in
Figs. 1c–1h, respectively. The change in brightness
level values at different points of the map images cor-
responds to the number of X-ray quanta that hit the
detector in a certain energy range. The corresponding
energy-dispersive spectrum of the selected section of
the foil is shown in Fig. 2. According to the results of
X-ray spectral analysis, which does not allow lithium
to be recorded, the content of magnesium, scandium
and zirconium in the composition of the foil surface is
6.31, 0.14, and 0.03 at %, respectively (Table 1).
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROTRON AND NEUTRON TECHNIQUES  Vol. 19  No. 1  2025
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Fig. 3. Experimental spectra (dots) of 1.4 MeV protons
backscattered by rapidly solidified 1421 alloy foil annealed
at 380°C for 1 h: (a) surface A and (b) surface B. The solid
gray line is the result of modeling in the SIMNRA pro-
gram. The kinematic boundaries and partial spectra of the
Li, C, O, and Al series are shown.

8

16

12

4

0

0 20 40 60 80

Y,
 ×

1
0

4
 p

u
ls

e

Channel number

Li

Li

Al

C
O

C

O

Al

(a)

8

16

12

4

0

0 20 40 60 80

Y,
 ×

1
0

4
 p

u
ls

e

Channel number

Li

Li

Al

C O

C

O

Al

(b)

Fig. 4. Experimental spectra of α-particles from the reaction 7

annealed at 380°C for 1 (a); 2 (b); and 8 h (c).
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Figures 3 and 4a show typical spectra of backscat-
tered protons and α-particles, products of the nuclear

reaction 7Li(p, α)4He, for both surfaces of the alloy
Al–Mg–Li–Sc–Zr foil, respectively, after annealing
at 380°C for 1 h. Figures 3a and 3b show the experi-
mental proton backscattering spectra, the modeling of
which was carried out in the SIMNRA program. Sat-
isfactory agreement between the simulated spectra
and the experimental ones was achieved in the entire
energy range. The figures also show partial spectra of
the main elements, the kinematic boundaries of which
are marked by vertical arrows. A comparison of the
spectra in Figs. 3a and 3b clearly demonstrates that the
content of lithium, carbon, and oxygen is highest in
the near-surface layers of the foil surface in contact
with air. The magnesium content cannot be deter-
mined using SIMNRA modeling because magnesium
and aluminum are neighboring elements in terms of
atomic number. It is also not possible to model the sig-
nals of the alloying elements scandium and zirconium
in the high-energy part of the proton backscattering
spectra due to the low concentration of these elements
in alloy 1421. The α-particle spectra for both surfaces
of the 1421 alloy foils annealed at 380°C for 2 and 8 h
are shown in Figs. 4b and 4c.

By modeling the experimental spectra, the depth
concentration profiles of lithium distribution were
obtained (Fig. 5); the layer thickness here and below is

indicated in at/cm2. As previously established, in foils
of alloy 1421 after quenching, lithium is distributed
uniformly in depth and its content is 9 at % [21]. After
one h of annealing at 380°C, the behavior of lithium in
the area of both foil surfaces changes. Additional
layer-by-layer modeling of the carbon and oxygen dis-
tribution made it possible to refine the modeling data
for the concentration profiles of lithium atoms. It was
found that a diffusion layer enriched with lithium is
formed on both surfaces of the foils during annealing

and has a thickness of 20 × 1018 at/cm2 (3.3 μm). In the

surface layer with a thickness of 3 × 1018 at/cm2 (0.3 μm)
TRON AND NEUTRON TECHNIQUES  Vol. 19  No. 1  2025
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Fig. 5. Depth distribution of lithium atoms C in the area of
surfaces A (a) and B (b) of alloy 1421 foils annealed at
380°C for 1 (1); 2 (2); and 8 h (3).
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on both sides of the annealed foil the average lithium
concentration is the same and is 30 at %. Lithium con-
tent in the specified layer near the surface A is almost
constant. At the same time, at the boundary of this
layer, near the surface B, a local maximum in lithium
concentration is observed. It was shown that the lith-
ium content equal to 20 at % in the surface layer of

1018 at/cm2 (0.1 μm) sharply increases to 39 at % with
distance from the surface B. After annealing the sam-
ples for 2 h, the opposite trend was observed: the
degree of surface enrichment A with lithium increases,
unlike the surface B. Lithium content in a thin surface

layer of 1018 at/cm2 (0.1 μm) of the contact side
increases by ~30% and reaches 40 at %. Depth profile
of lithium concentration (in a layer of thickness 20 ×

1018 at/cm2, 3.3 μm) is characterized by a slower
decrease in the Li content with depth in the sample
than that after short-term annealing for 1 h. At the
same time, on the opposite side B, near which the
largest lithium concentration gradient occurs after
annealing for 1 and 2 h, the maximum lithium content

is 28 at % at a depth of 1018 at/cm2 (0.1 μm). In the next
layer, at a depth of 0.1–0.3 μm, the lithium concentra-
tion decreases almost twofold, to 15 at %. Note that
near the surface A the lithium-rich layer is wider: the
Li concentration decreases slowly with depth in a layer

of thickness 20 × 1018 at/cm2 (3.3 μm). With an
increase in the isothermal annealing time to 8 h,
firstly, a tendency for the lithium content in the sur-

face layers to equalize to a depth of 3 × 1018 at/cm2

(0.3 μm) is detected: on both sides of the foils, within
the accuracy of the INR method, the lithium concen-
tration reaches 30 at %. Secondly, the thickness of the
surface layer with the nonuniform distribution of lith-

ium in depth increases to 30 × 1018 at/cm2 (5 μm).
Concentration gradient of lithium near the surface A is
higher compared to the surface B. It should be noted
that the lithium concentration in the layer deeper than

30 × 1018 at/cm2 (5 μm) remains virtually unchanged,
reaching a minimum value of 4 at %, which is 56%
lower than that of unannealed samples.

As is known, the operational characteristics of
industrial alloys include such properties as heat resis-
tance, wear resistance, cold resistance, and antifric-
tion. Additionally, in practice, the physicochemical
properties of the surface layers of materials containing
surface-active elements are important, among which
are oxidation and corrosion resistance, as well as
mechanical properties such as hardness, strength,
plasticity, etc. [7, 8]. It should be noted that in the case
of nonequilibrium crystallization, alloys are formed
that are characterized by a composition gradient,
when the concentration of alloying elements and
impurities changes with distance from the surface [27,
28]. One of the characteristic features of such mor-
phology is that as a result of the evolution of the com-
position of the surface layers during heat treatment,
the properties of the materials will also change. How-
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
ever, in alloys of the Al–Mg–Li system the behavior
patterns of lithium in the annealing process have not
been sufficiently studied due to the limitations of a
number of traditional methods, such as X-ray spectral
analysis, when profiling light elements over the depth
of alloys, as well as the inconsistency of known exper-
imental results, such as in [29–31], due to the insuffi-
cient accuracy of indirect methods based on measur-
ing microhardness or electrical resistance.

At the same time, the maximum strengthening of
alloys of the Al–Mg–Li system is achieved by high-
temperature annealing. Therefore, modern research
aimed at developing high-strength Al–Li-based alloys
using Sc/Zr or Er/Zr microalloying and studying the
stability of their structure, phase composition and,
consequently, properties after annealing are of consid-
erable interest and practical importance. As a result of
microalloying in Al–Li alloys a core–shell phase with
a face-centered cubic lattice of the structural type L12

is formed based on Al3(Li, Sc, Zr) or Al3(Li, Er, Zr)

compounds [32, 33]. This phase exists in two forms: a
TRON AND NEUTRON TECHNIQUES  Vol. 19  No. 1  2025
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primary phase, which has the effect of reducing the
grain size of the matrix structure of Al–Li alloys, and
a metastable phase, which is released as nanoparticles
during the subsequent annealing process, is coherent
with the solid solution of the α-phase of Al, and pro-
vides the greatest effect of alloy strengthening during
heat treatment. It is noted that coherence with the
matrix of selections with the structure of the type L12

depends on temperature and improves after alloying
with Mg. The problem with the use of traditional cast-
ing is the fact that the particles of the primary phases
formed in the cast Al–Li and Al–Mg–Li alloys are
relatively large in size and have a negative effect on the
strength and toughness of the alloys [34]. These rela-
tively large particles of the primary phase not only
worsen the corrosion characteristics and mechanical
properties of the alloy but also weaken the possibilities
of dispersion strengthening by secondary phase
nanoparticles during subsequent annealing [34, 35],
since phases with a structure of the type L12, contain-

ing rare earth elements, tend to precipitate at high
temperatures. Consequently, for strengthening alloys
by creating core-shell nanoparticles during subsequent
annealing, high-speed crystallization methods are of
scientific and practical interest, allowing one to exceed
the melt cooling rate of about 100 K/s, which is typical
for most methods of obtaining microcrystalline alloys,
and to synthesize materials characterized by a higher
degree of homogeneity and uniformity (phase and
structural), expanding the scope of application of the
used and newly developed alloy compositions.

The important role of crystal lattice defects (pri-
marily vacancies and dislocations) in diffusion pro-
cesses during annealing, leading to structural transfor-
mations in aluminum alloys synthesized under non-
equilibrium conditions, is known. In particular,
crystal lattice defects reduce the activation energy of
surface diffusion and facilitate its occurrence. It has
been shown that with ultrafast quenching from the
melt, the effect of “freezing” defects, for example,
excess vacancies, can be achieved [36]. However, the
analysis of annealing experiments is complicated by
the following structural factors. On the one hand, the
presence of atoms of alloying elements (impurities)
affects the formation and migration of defects in alu-
minum. In particular, impurity atoms can contribute
to either an increase or a decrease in the concentration
of vacancies. On the other hand, difficulties arise
because the interaction of defects of different types
affects both the energy of their formation and the acti-
vation energy of movement. Based on the experimen-
tal data obtained in this work, it can be concluded that
the discovered fact of enrichment of the surface of foils
of the Al–Mg–Li alloy system containing scandium
and zirconium with lithium after annealing for 1 h is
explained by the formation of a nonequilibrium struc-
ture of the material as a result of high-speed crystalli-
zation, which changes the kinetics of the decomposi-
tion of the supersaturated solution and strongly influ-
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
ences the processes of phase transformations along
with the diffusion redistribution of alloying elements
during annealing of rapidly solidified samples. At the
annealing stages of rapidly solidified alloy 1421 in the
temperature range of 280–450°C, processes occur in
the foils that lead to an intensive increase in the spe-
cific volume and particle size of the following metasta-
ble lithium-containing phases: Al2MgLi (S1-phase)

and phases of variable composition Al(Mg, Sc, Zr, Li)x
[21]. The increased lithium content on the free surface
of the 1421 alloy foils annealed at 380°C may be due to
the comparatively finer grains of the material near the
surface B and, consequently, the formation of a high
proportion of grain boundaries in the sample volume.
It was found that increasing the duration of high-tem-
perature annealing stimulates the process of lithium
heterodiffusion, as evidenced by the increase in its
concentration at depth in the sample (Fig. 5).

Thus, in order to establish the influence of struc-
ture formation processes in phase transformations
during annealing of rapidly solidified lithium-con-
taining aluminum alloys on high-temperature
mechanical properties and corrosion behavior, it is
necessary to continue research and identify the condi-
tions for the release and decomposition of metastable
strengthening nanoparticles with a core-shell struc-
ture during heat treatment. The development of
resource-saving technologies for the synthesis of Al–
Mg–Li alloys and the production of semifinished
products from them using centrifugal quenching from
the melt requires solving a number of applied and fun-
damental problems related to the study of the relation-
ship between the processes of formation of phases of
intermetallic compounds and surface segregation of
alloying elements. The development of temperature-
time processing modes will allow optimizing the phys-
ical, chemical, and mechanical properties and
increasing the resource characteristics of multicom-
ponent alloys of the Al–Mg–Li system for such
knowledge-intensive industries as powder metallurgy,
mechanical engineering, instrument making, and
enterprises creating aviation and rocket and space
technology.

CONCLUSIONS

Thermal stability of the structure of rapidly solidi-
fied foils of multicomponent alloy 1421 were studied
after annealing in open air at 380°C for 1, 2, and 8 h.
Using the elemental mapping of foils, a tendency for
the content of magnesium and scandium to increase
on the surface of the samples after annealing for 1 h
was detected. Their surface concentration, measured
on the “free” side of the foils, increases by 9 and 27%,
respectively, compared to the calculated content in the
alloy. The concentration of zirconium remains
unchanged within the measurement error. A non-
monotonic type of spatially inhomogeneous distribu-
tion of lithium in the surface layers of annealed foils
TRON AND NEUTRON TECHNIQUES  Vol. 19  No. 1  2025
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was established, characterized by the presence of sharp
maxima near the surface of the sample on the experi-
mentally measured concentration profiles of lithium
after annealing. The peak lithium concentration in a
thin 0.3 μm thick surface layer on the “free” side of the
annealed foil reaches 40 at %, which is 1.3 times higher
than that near the contact side of the foil. With an
increase in the annealing time to 8 h, the thickness of
the lithium-enriched surface layer increases fourfold.
A more intense diffusion of lithium into the depth of
the foils was detected in the area of the contact surface.
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