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Abstract—The damage and structural state of the surface layer of Al–Li–Mg samples composed of Al–5%
Mg–2% Li (wt %) under pulsed action of power streams of high-temperature deuterium plasma and high-
energy deuterium ions in the Plasma Focus (PF) device have been investigated. The radiation power density
was q ~ 106 W/cm2; the pulse duration was 50–100 ns. Pulsed thermal heating and rapid cooling is established
to lead to the melting and solidification of a thin surface layer of the alloy for several tens of nanoseconds. At
the same time, in the superheated surface layer of the alloy, microcavities of a spherical shape are formed
which is associated with intense evaporation of lithium into micropores within the heated layer. Thermal stresses
caused by abrupt heating, melting, and cooling of a thin surface layer of metal result in formation of microcracks
in the near-surface zone of the samples. The evaporation by the power electron beam of the elements of the anode
material of the PF device (copper and tungsten) and their subsequent deposition onto the irradiated surface of the
investigated samples in the form of droplets of submicron size are noted. It is shown that the thermal and radiation-
stimulated processes generated in the alloy under the action of pulsed energy fluxes in the implemented irradiation
regime lead to the redistribution of elements in the surface layer of the aluminum solution, contributing to an
increase in magnesium content and the formation of magnesium oxide on the surface.

Keywords: Al–Mg–Li alloy, plasma focus, dense deuterium plasma, fast deuterium ion beam, surface dam-
age, surface modification
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INTRODUCTION

It is known that aluminum alloys of the Al–Mg–
Li, Al–Cu–Li, Al–Mg–Cu–Li, and other systems
have good corrosion resistance, low density, fairly high
specific strength, good processability, and very high
modulus of elasticity [1–5]. For this reason, they are
widely used as construction materials in the transport

engineering industry, chemical industry, and aviation
and space technology. A well-balanced set of mechan-
ical properties makes these alloys particularly promis-
ing for use in the aerospace industry [6].

The binary Al–Li alloys with a low (1–3 wt %) lith-
ium content belong to the so-called sweating alloys,
since the surface in these alloys is substantially lith-
ium-enriched owing to Gibbs thermal segregation [7].
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One of the pioneers in studying the radiation and
thermal properties of Al–Li alloys was L.I. Ivanov,
who initiated the work in this direction [7–16]. It was
shown in [8] that Gibbs segregation increases with the
isothermal exposure of the Al-Li alloy at elevated (up
to ~500°C) temperatures despite the loss of lithium
because of its evaporation. Irradiation of the alloy at
low temperatures (~50°C) with hydrogen, helium, and
oxygen ions also leads to significant enrichment of the
surface in lithium owing to the radiation-induced seg-
regation, despite the continuous sputtering of a lith-
ium-rich surface layer by an ion beam [9]. This prop-
erty of the binary Al–Li alloys associated with the
increase in the lithium content on the surface (the
“sweating effect”) due to Gibbs thermal segregation or
due to radiation-stimulated processes enhances the
emission properties of the material. The coefficient of
secondary electron emission of this alloy is 7 [10], and
for this reason, the Al–Li alloys are considered prom-
ising for the use in the electronics industry as sources
of electron emission in electrovacuum devices. It is
important to note that cathodes made of such alloys
have, in addition to high emissivity, increased resis-
tance to cathode sputtering and durability. In particu-
lar, it was experimentally shown in [11] that, owing to
the self-healing effect of a lithium layer sputtered
during irradiation with helium ions with the energy of
2.5 keV, the resistance to ion sputtering of the surface
of the Al–3% Li alloy was four times higher than that of
aluminum. The durability of secondary-emission cold
Al–Li cathodes of helium–neon lasers bombarded with
helium and neon ions in the working process exceeded
105 h [12], which is more than a half order of magnitude
higher than that of aluminum cathodes.

The Al-Li alloys are also used as cathodes of elec-
tron-beam guns of the high-voltage glow discharge
(HGD) of smelting metallurgical plants, which pro-
vide an electron beam of several hundred kilowatts.
Testing of an HGD gun with a cathode with the diam-
eter of 100 mm from Al–2% Li alloy showed [13] a
long-term continuous stable operation of the cathode
during industrial smelting with the f luence of bom-
barding hydrogen particles (working gas) of more than
1022 cm–2 and the heat flux density of ~0.5–1.0 kW/cm2.
A characteristic feature of this kind of experiments
performed on alloys of the Al–Li, Al–Mg–Li, Al–
Cu–Li, and Al–Cu–Mg–Li systems [13–15] is the
proximity of the irradiation conditions (the thermal
load of 15 MW/m2, particle f lux density of 1017–
1018 cm–2 s–1, f luence of 1020–1022 cm–2) to the real
conditions of radiation effects on the materials of the
first wall and divertor plates of a fusion reactor with
magnetic confinement of the plasma.

Adding Al–(1.8–2.3) wt % Li to the alloy in the
amount of 4.5–6.0 wt % hardly affects the character of
the Li segregation to the surface during irradiation
with helium ions with the energy of Е = 75 keV to the
dose of ~1016–1017 ion/cm2 [16]. However the Mg
concentration on the irradiated surface decreases in
INORGANIC MATE
comparison with its content in the bulk, which is
explained by the higher binding energy of the “dis-
solved Li atom–vacancy” complex (0.23 eV) in com-
parison with the “dissolved Mg atom–vacancy” com-
plex (0.04 eV) in aluminum [17] and, as a result, the
more intense radiation-stimulated lithium segregation
on such a powerful sink as the surface.

The ion-beam treatment of the Al–Li alloys is of
increased interest from the point of view of modifying
and improving their physicomechanical properties
owing to the influence of radiation-dynamic effects.
In particular, the effect of beams of accelerated Ar+

ions with the energy of 40 keV on the samples of the
cold-deformed alloy 1441 of the Al–Cu–Mg–Li sys-
tem in the form of stripes initiates the course of the
process of radiation annealing (RA), which is many
times faster than thermal annealing [18, 19]. In this
case, the RA proceeds at lower temperatures through-
out the entire volume of the band with a thickness of
1–3 mm despite the significantly smaller (by several
orders of magnitude) average projective path of the
Ar+ ions with the energy of 40 keV in aluminum alloys
(~40 nm). The recrystallization processes imple-
mented in the 1441 alloy during the RA, accompanied
by the grain growth and the change in the structural
phase state as a result of the dissolution of intermetal-
lic compounds of the crystallization origin and the
formation of new phases, ensure the formation of
mechanical properties combining high strength with
significantly increased plasticity of the alloy [20].

The studies on the effects of pulsed laser radiation
(LR) in the free generation mode on samples of the
aluminum alloy 1420 of the Al–Mg–Li system [21]
revealed an unusual character of the damage to the
irradiated surface layer associated with its melting and
the formation of a set of spherical pores in it in the pro-
cess of the high-temperature heating and cooling.
Such intense pore formation in the surface layer was
not observed at the high-power pulse impacts of ions,
plasma, and LR either in pure aluminum or in alloys
and compositions based on it that do not contain lith-
ium [22–26]. It is natural to assume that the intense
evaporation of lithium, which is part of the alloy 1420,
accompanied by the formation of bubbles in the liquid
phase, leads to the formation of the high concentra-
tion of pores in the hardened surface layer.

This work is a continuation of the cycle of research
conducted under the guidance of L.I. Ivanov by his
colleagues and students [7–16] and is devoted to the
study of the damage and the structural state of the sur-
face layer of the aluminum alloy 1420 of the Al–Mg–
Li system with the simultaneous complex effect of the
fluxes of the high-energy deuterium ions and high-
temperature deuterium plasma in the Plasma Focus
(PF) facility. In this case, the irradiation regime was
close to the conditions of the radiation load on the
material facing the plasma in the working chamber of
a fusion plant with inertial plasma confinement.
RIALS: APPLIED RESEARCH  Vol. 10  No. 3  2019
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Fig. 1. Optical images of different sections of the initial surface (f) and the surface irradiated with deuterium plasma and deute-
rium ions: (a) surface without damage to the oxide film; (b, d) surface areas with different degrees of damage to the oxide film;
(c) wavy relief of the molten surface; (e) microcracks on the area of the alloy surface that is free of oxide film after irradiation.
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MATERIALS AND METHODS

The aluminum alloy 1420 contained 2 wt % Li and
5 wt % Mg. The samples for irradiation were plates
with a thickness of 2 mm and a size of 25 × 25 mm.
The treatment with ion and plasma fluxes was carried
out on a PF-1000 device (Warsaw, Poland). When
irradiated, the samples were located in the cathode
part of the discharge chamber at a distance of 40 cm
from the anode of the device . Deuterium was used as the
working gas at a pressure of P ≈ 1–2 Pa. The power den-
sity of the ion and plasma fluxes was 5 × 106 W/cm2 at
the ion pulse duration ti = 50 ns and the plasma flux
duration tp = 100 ns. The number of pulse impacts on
each sample was N = 4.
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
After irradiation, the samples were examined by
metallography methods on a NEOPHOT-32 optical
microscope using a scanning electron microscope
with an EVO 40 X-ray spectral analyzer (Zeiss) and
also by the atomic emission analysis on a GDS-850A
glow discharge spectrometer.

The phase composition of the surface layer was
analyzed by X-ray diffractometry on a Rugaky (XRD)
Ultima-IV diffractometer (Japan). The temperature
distribution in the surface layer in the direction per-
pendicular to the irradiated surface was calculated on
the basis of a one-dimensional model similar to that
described in [27].
 10  No. 3  2019
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Fig. 2. Evolution of temperature with time from the onset
of the action of the pulse at various distances from the irra-
diated surface of the alloy sample (the distances are
denoted by numbers from 0 to 13 μm).
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Fig. 3. Time variation of the thickness of the molten layer
on the surface of the irradiated alloy sample.
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RESULTS AND DISCUSSION

Optical Microscopy
The degree of radiation-thermal erosion of the

material was estimated by the change in the mass of
the material during irradiation. The results of weighing
samples before and after pulsed irradiation showed
that, in the implemented irradiation modes, their mass
does not change within the limits of the measurement
accuracy (±0.05 mg), which indicates the approxi-
mate balance of the mass of evaporated and precipitated
substances. Figure 1 shows photomicrographs of the sur-
face of the samples before (Fig. 1f) and after exposure to
four pulses in the PF-1000 device at the average energy

flux density of 5 × 106 W/cm2 (Figs. 1a–1e).

The study of the irradiated surface showed that a
significant part of it had no visible signs of damage
(Fig. 1a) and did not significantly differ from the orig-
inal surface (Fig. 1f). In some regions of the surface
layer, traces of melting are observed. It should be
noted that the significant part of the surface is covered
with a thin oxide film, which after irradiation remains
INORGANIC MATE
unmelted. At the same time, the surface layer beneath
this film is melted to form a wavy relief in some regions
of the crystallized alloy (Fig. 1c). At the same time, a
thin, more refractory, film remaining in the solid state
mimics the topography of the deformed surface relief
formed during the process of thermal heating and
cooling of the surface layer (Fig. 1c). It can be
assumed that this film contains refractory oxides of the
alloy elements that do not melt in the irradiation
regime implemented in our experiments. In the
regions of the irradiated surface where the oxide film
is damaged (Figs. 1b, 1d, 1e), microcracks are visible
on the film-free metal surface (Fig. 1e), which are
formed under the action of thermal stresses during the
alloy solidification.

Numerical Calculation of the Temperature 
Distribution in the Surface Layer

The numerical analysis of the thermal effect of irradi-
ation on the material was carried out for a pulsed energy

flux with the power density of q = 5 × 106 W/cm2 and the
total pulse time t = 200 ns. The calculation results for
different distances x into depth from the surface are
shown in Fig. 2. It can be seen that the temperature
directly on the surface (x = 0) exceeded the melting
point of the material (~660°C), which led to its melt-
ing and the formation of a wavelike surface relief with
a refractory film located on it. The formation of a wavy
relief is due to the pressure from the plasma and the
reactive effect of the vapor f low from a thin surface
layer of the molten metal.

In this case, as already noted, melting did not occur
over the entire irradiation area, but in separate local
regions of the surface. This fact indicates the nonuni-
formity in the distribution of the energy f lux density in
the beam of particles (ions and plasma) incident on
the sample. At the displacement from the surface into
the depth of the material of x ≥ 1 μm, the estimates
show that the alloy temperature did not reach its melt-
ing threshold and the surface layer in this zone
remained in the solid state.

Figure 3 shows the change in the calculated layer
thickness of the liquid phase during irradiation. It can
be seen that the lifetime of the liquid phase was ~70 ns,
and the maximum thickness of the molten layer was
hmax ≈ 0.4 μm.

Scanning Electron Microscopy and X-ray Analysis
The X-ray spectrum from the surface of the initial

sample (Fig. 4) shows the lines of the main alloy ele-
ments, aluminum and magnesium (with the exception
of lithium, which is not fixed by this method). The
oxygen line is also present, indicating its presence in
the composition of the oxide film on the surface of the
initial samples.

The scanning electron microscopy analysis of the
irradiated samples showed that dark spots of various
RIALS: APPLIED RESEARCH  Vol. 10  No. 3  2019
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Fig. 4. Elemental composition of the surface of the original
Al–Li–Mg alloy from X-ray spectral analysis.
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are visible in the form of regular circles with diffuse

edges on the surface regions free from the oxide film

(Figs. 5a, 5d). It can be assumed that these are projec-

tions of spherical cavities located near the irradiated

surface, which were formed in the zone of elevated

temperature with the intense internal evaporation of

lithium dissolved in aluminum. The characteristic
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.

Fig. 5. SEM images of the initial surface (b) of the alloy 1420 an
(a) general view of the irradiated surface with areas covered with 
oxide film with droplets of precipitated metal (light points); (d) m
under the surface (dark spots of rounded shape).
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dimensions of the cavities are comparable with the
maximum layer thickness of the liquid phase formed

on the surface of the samples during the impact of the
energy pulse on the alloy under study. There are also a

significant number of larger cavities. Apparently, there
was evaporation of lithium into internal micropores,

which occurred in both the solid and liquid phases
under heating of the surface layer of the alloy to several

hundred degrees (Fig. 2). Previously, the formation of
such pores in the near-surface region of the alloy

under study was observed under laser irradiation of the

alloy in the free generation mode [21].

Electron microscopic analysis with a sufficiently
large magnification (×25000) showed that the surface

regions on which the original oxide film was preserved
were covered with metal droplets having the size from

tens to hundreds of nanometers, which were deposited

after the material was evaporated by an electron beam
from the surface of the anode of the PF installation

(droplets are visible in Fig. 5c as light points). The X-ray
analysis of the composition of surface regions with

droplets deposited on them showed a high copper and
tungsten content in these areas, i.e., those elements

that are the main components of the composition of
the material of the anode unit of the working chamber

of the PF-1000 facility.
 10  No. 3  2019

d various surface regions after irradiation in the PF-1000 device:
oxide film and areas free of oxide film; (c) the surface area of the
icrocrack on the sample surface area free of oxide film and pores
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Fig. 6. SEM image of irradiated surface (a) and elemental
composition (b) of the region of the surface with the oxide
film (region 5, curve 1) and the area of irradiated surface
free of the oxide film (region 4, curve 2).
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For comparison, Fig. 6 shows the X-ray spectra taken
from two sections of the surface of the irradiated sam-
ple—covered with the oxide film (region 5) and free from
this film (region 4). It can be seen that the elemental
composition of the surface in region 5 (curve 2) is quali-
tatively close to the composition of the initial sample
coated with the oxide film, and the spectrum in region 5
shows bursts of lines corresponding to aluminum, mag-
nesium, oxygen, and also elements deposited from the
anode part of the chamber (Cu, W). The absence of the
deposited Cu and W droplets in the regions free from the
oxide film is due to the fact that gaps in the film were
formed after the end of the plasma pulse effect on the tar-
get sample and the associated vaporized flow and micro-
droplets from the surface of the anode material of the PF
chamber. There is a slight increase in the magnesium con-
tent in the zone where the oxide film is located (curve 2,
region 5) as compared with the region free of the film
(curve 1, region 4). This fact indicates the redistribution
of this element, related to the fact that a part of magne-
sium in the Al-based solid solution is spent on the forma-
tion of the oxide film. Therefore, in the zone adjacent to
it, the surface layer of the alloy is depleted in magnesium.
Owing to the sharp increase in temperature by several
INORGANIC MATE
hundred degrees under the pulse impact of the energy
flux on the alloy (Fig. 2) and intense evaporation of lith-
ium from the surface layer of the alloy through the irradi-
ated surface and into micropores (Figs. 5a, 5d, 6), its
amount in the Al-based solid solution decreases and,
accordingly, the Mg content increases. In this case, an
increased nonequilibrium concentration of vacancies is
also generated.

These results show that, in the irradiation regime used
in our experiments, the combined effect of thermally and
radiation-stimulated processes contributes to a certain
depletion of the surface layer of the aluminum alloy in
lithium owing to its evaporation into the pores and the
diffusion exit to the surface and enrichment in magne-
sium. To a greater extent, this result corresponds to the
surface regions covered with the oxide film, which
impedes sputtering and evaporation processes.

X-ray Phase Analysis

The phase composition of the samples before and
after irradiation was studied by X-ray diffraction anal-
ysis. In the diffraction pattern of the alloy in the initial
state, the lines corresponding to the crystal lattice of
the solid solution of magnesium in aluminum and very
weak traces of lines of magnesium oxide MgO (Fig. 7a)
RIALS: APPLIED RESEARCH  Vol. 10  No. 3  2019
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Fig. 8. Distribution of elements in the surface layer of the sample of the studied alloy in the initial state (a, b) and after irradiation
(c, d) from the atomic emission spectroscopy data: (a, c) Al, N, Mg, С; (b, d) W, Cu, H.
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are visible. After irradiation, the phase composition of

the samples does not change qualitatively (Figs. 7b, 7c),

and the crystal lattice of the aluminum-based solid

solution is fixed in the surface layer, as in the starting

material. However, the lattice parameter of this solid

solution decreases markedly as a result of the exposure

to ion and plasma fluxes: before irradiation, a =

4.0720 Å, and after irradiation, a = 4.0652 Å, which

indicates certain structural changes occurring in Al

solid solution in the temperature gradient field and the

redistribution of elements in the surface layer.

The lines corresponding to the amount of magne-

sium oxide that slightly increased compared with the

initial state are shown in the diffraction pattern

recorded on an enlarged scale (Fig. 7c). Microgroplets

of deposited metals observed during the electron

microscopic examination do not give traces on the dif-

fraction patterns of the samples after irradiation,

which is apparently associated with the small amount

of deposited material and, possibly, with the amor-

phous droplet structure, which hardened at the high

cooling rate of ~107 K/s.
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
Atomic Emission Spectral Analysis

Figure 8 shows the distribution curves of elements
in the surface layer of the alloy in the initial state and
after irradiation recorded by atomic emission spec-
troscopy (AES). In general, the AES results are con-
sistent with the X-ray analysis data and confirm the
presence of deposited W and Cu droplets on the irra-
diated surface. However, there is nitrogen in the sur-
face layer of the original alloy with the thickness of
~2 μm, which, apparently, got into the material at the
stage of preparation of the alloy. After irradiation, its
content in the thin layer ~150 nm thick decreases. It is
significant that a noticeable increase in the Mg con-
centration is observed in this very thin layer after irra-
diation from 5–7% before irradiation to ~15% at the
depth of 150 nm and to 20 wt % directly on the surface
after the plasma beam effect. This effect of the
increase in the Mg concentration on the surface is
opposite to the effect of the decrease in the Mg con-
tent in this region when the alloy of the Al–Mg–Li
system is irradiated with helium ions (E = 75 keV,

~1016–1017 ions/cm2) [16]. This difference in the
results is determined by different conditions of the
experiments. In our case, the increased magnesium
 10  No. 3  2019
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concentration in the surface layer is determined by the
presence of a film based on magnesium oxide, whose
content slightly increases after irradiation.

CONCLUSIONS

The damageability of the surface layer of the alumi-
num alloy 1420 of the Al–Mg–Li system under pulsed
exposure to high-power f luxes of high-temperature
deuterium plasma and high-energy deuterium ions in
the Plasma Focus device was studied at the radiation

power density of q = 5 × 106 W/cm2 and the pulse
duration of 50–100 ns. It was established that pulsed
thermal heating and rapid cooling lead to melting and
solidification of a thin surface layer of alloy samples
for several tens of nanoseconds. In this case, spherical
microcavities are formed in the superheated surface
layer, which is associated with the intense evaporation
of lithium into the micropores inside the heated layer.
Thermal stresses due to rapid heating, melting, and
cooling of the thin surface layer of the metal lead to the
formation of microcracks in the near-surface zone of
the samples. The electron beam evaporates the ele-
ments that compose the anode material of the PF
device (copper and tungsten), and their subsequent
deposition on the irradiated surface of the alloy sam-
ples under study in the form of droplets of submicron
size is observed.

These changes in the structural-phase state of the
irradiated surface layer of the alloy are associated with
the increase in the magnesium oxide content in it and
the decrease in the lattice parameter of the aluminum-
based solid solution, probably due to the partial
removal of impurity nitrogen from the irradiated sur-
face layer.

It is shown that thermal and radiation-stimulated
processes generated in the alloy under the action of
pulsed energy f luxes in the implemented irradiation
regime lead to the redistribution of elements in the
surface layer of the studied alloy, favoring the increase
in the magnesium content and the formation of the
magnesium oxide film on the irradiated surface.
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