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The structural and phase changes in the surface layer of an aluminum alloy 1933 caused by the action of a
relativistic pulsed electron beam are studied. The structural and phase state of this layer is determined by the impact
action of the electron beam and by the kinetics of crystallization from the melt under ultrafast cooling. The impact of
a pulsed electron beam is accompanied by the formation of a developed surface relief and the appearance of
microcracks on it. The structure of the modified layer is nonequilibrium. X-ray diffraction studies and the results of
energy dispersive X-ray microanalysis made it possible to determine that magnesium oxide inclusions are present in
the remelted layer. MgO inclusions are generally uniformly distributed in the remelted layer. The maximum size of
MgO inclusions does not exceed 1 um. The causes and mechanisms of the formation of magnesium oxide during the

action of a pulsed electron beam are discussed.

INTRODUCTION

Aluminum and its alloys as constructional materials
are used in industry for a little over 100 years and are
currently the most common materials after steel [1].
They are an indispensable constructional material not
only in the aircraft industry, but also in the nuclear
industry. In particular, seamless tubes for reactors are
produced from aluminum alloys, as well as centrifuges
for uranium enrichment. This was facilitated by a
number of favorable properties of aluminum alloys,
which are of particular importance in many areas of
technology. In this case, the state of the surface layers of
alloys, which play a decisive role in maintaining the
operational characteristics of products in terms of their
use, is of great importance. One of the methods for
modifying and hardening of the surface layers of
aluminum alloys is electrophysical radiation treatment
by concentrated energy flows. The essence of this
treatment is the transfer of energy from the radiation
source to the surface being treated, which, as a result of
powerful local energy exposure, acquires new
properties. In this case, rapid heating to a high
temperature (melting point) of the surface layer of the
alloy occurs. This is followed by a very rapid cooling of
this molten layer by heat removal to the bulk of the
alloy, which remains practically cold. This causes the
formation of significant concentrations of point defects
in the material, and can also cause structural-phase
changes in it. Structural-phase changes in solids due to
irradiation can occur, in particular, quasicrystalline
structures with unusual rotational symmetries can appear
[2]. The structure and properties of the thus obtained
remelted layers were studied previously in a number of
works [3-9]. In this work, we studied the features of
structural-phase changes in the surface layer of an
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industrial aluminum alloy 1933 irradiated with a pulsed
electron beam.

1. MATERIAL AND EXPERIMENTAL

The studied alloy 1933 has such a chemical
composition: Al; 1.6...2.2 wt.% Mg; 0.8...1.2 wt.% Cu;
0.1 wt.% Mn; 0.66...0.15 wt.% Fe; 0.1 wt.% Si;
6.35...7.2 wt.% Zn; 0.03...0.06 wt.% Ti; 0.05 wt.% Cr;
0.10...0.18 wt.% Zr; 0.0001...0.02 wt.% Be [10].

Irradiation of alloys’ plates was performed by a high-
current pulsed beam of relativistic electrons at the
MIG-1 accelerator in the NSC “KIPT” NAS of Ukraine
[11]. The energy flux density at the target W was
approximately 10°W/cm? (beam energy E ~ 0.3 MeV,
current | ~2000 A, pulse duration t; ~ 5-10%s, beam
diameter D ~ 3 cm).

Microstructure studies were performed using a light
microscope MIM-6 with digital camera Pro-MicroScan.
The average grain size (d) was determined from
microphotographs using the random secant method.

Qualitative and quantitative X-ray analysis,
determination of the crystal lattice parameters was
performed on an X-ray diffractometer Shimadzu XRD-
6100.

Energy dispersive X-ray microanalysis of local
microvolumes in the irradiated alloy layer was
performed using a scanning electron microscope Tescan
VEGA 3 LMH with additional device for X-ray energy
dispersive microanalysis “Bruker XFlash 5010”.

2. RESULTS AND DISCUSSION

Fig. 1 shows a typical view of the initial grain
microstructure fragment of alloy 1933. Earlier in [12—
14], it was found that the initial grain structure of the
studied alloy 1933 is different-grained and polygonized.
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It contains colonies of recrystallized ultrafine grains
with an average grain size (d) = (7 £ 1) um, as well as
individual large grains with an average grain size
(dy = (50 £ 1) um. The calculations showed that the
average grain size in the original samples of alloy 1933
is(dy = (15+ 1) um.

—
10 um
Fig. 1. General view of the initial grain microstructure
of alloy 1933

Using energy dispersive X-ray microanalysis, it was
found that magnesium, which is present in the alloy, is
not uniformly distributed, and, apparently, is mainly a
part of intermetallic inclusions [12-14].

In Al-Mg-Cu-Zn system, zinc, magnesium and
copper form eutectic phases with aluminum and with
each other: MgZn, (n-phase), Al,CuMg (S-phase),
MgsZn;Al; (T-phase) [15]. As a result of diffractometric
studies of the initial microstructure of alloy 1933, the
presence of phases MgZn, and MgsZnzAl, was found,
and the phase Al,CuMg was not revealed [13].
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Fig. 2. General view of alloy 1933 plate surface
irradiated by pulsed electron beam

Fig. 2 shows a general view of the plate surface
made from cold-rolled alloy 1933 sheet, which was
irradiated by a pulsed high-current relativistic electron
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beam. It is seen that the intense thermal heating of the
plate created by the electron beam led to the melting of
its surface layer.

=i
10 um
Fig. 3. Typical views of fragments of the irradiated

alloy 1933 surface

Fig. 3 shows the fragments of 1933 alloy plate
surface after irradiation by a pulsed relativistic electron
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beam. The sample in this figure is not polished and
retains the usual surface relief, in which the history of
crystallization of its surface is recorded. The impact of a
pulsed electron beam is accompanied by the formation
of a developed surface topography and the appearance
of microcracks. Cracking of the surface layer is caused
by the action of thermoelastic stresses during rapid
crystallization. The formation of a drop-shaped relief is
observed on individual fragments (see Fig. 3,c,d).
Although, it should be noted that the distance between
the cracks in the remelted layer of the 1933 alloy is
much larger than in the previously studied AK4-1 alloy
[8].

Fig. 4 shows the microstructure of the cross section
in the zone of alloy processed by an electron beam. As
can be seen from this figure, the thickness of the
remelted surface layer is approximately 100 um. It is
known [16] that the solidification of the molten layer
under the conditions of a large temperature gradient and
high pressures leads to directed crystallization of the
melt under nonequilibrium conditions, to obtain fine
crystalline and amorphous structures. Thus, it is
considered that treatment by a pulsed electron beam
directly in the surface layers of the alloy contributes to
the dispersion of the grain structure. The analysis of the
microstructure type revealed that surface treatment by
electron beam led to grain refinement. The structure of
the modified layer, judging by the diffuse contrast of the
grain boundaries, is nonequilibrium.

Fig. 4. Cross-sectional view of 1933 alloy in the
electron beam processing zone

X-ray studies were performed to study the phase
composition of the surface remelted layer. The X-ray
diffraction graph of the remelted layer of alloy 1933 is
shown in Fig. 5. It is revealed that the intense diffraction
peaks in the X-ray diffraction graph correspond to an
aluminum-based solid solution (oa-phase) as well as
magnesium oxide (MgO). According to X-ray studies, a
significant amount (about 6.5 mass %) of magnesium
oxide is present in the remelted layer. The X-ray study
does not show peaks corresponding to the n-phase
(MgZn,) and T-phase (MgsZnsAly), which were present
in the initial state. Phase Al,CuMg was also not found
by diffractometric studies in the remelted layer. This
indicates that m-phase, T-phase, and S-phase, if even
present in the remelted layer, only in a very small
amount. At the same time, the crystal lattice parameter
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of the aluminum-based solid solution in the remelted
layer is 0.4050 nm, which corresponds to the lattice

parameter of pure aluminum under the normal
conditions.
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Fig. 5. X-ray diffraction graph of the remelted layer of
the alloy 1933

To clarify the features of the magnesium oxide
inclusions and secondary phases location in the remelted
layer, an energy dispersive X-ray microanalysis of
selected sections of the polished surface of the 1933
alloy remelted layer was performed. Fig. 6 shows such a
fragment of modified 1933 alloy surface. The numbers
1, 2, 3, and 4 mark the areas in which the chemical
composition of these areas was determined using an
energy dispersive X-ray microanalyzer. Table shows the
chemical composition of the studied structural
components in the remelted 1933 alloy layer. The
structural component under spectrum Nol has a
complex structure with a high oxygen content, which is
probably due to the presence of fragments of either
aluminum oxide or magnesium oxide.

1933480
Ch1 MAG:6412x HV:30kV WD: 16,3 mm
Px: 40 nm

Fig. 6. A typical view of the surface area of alloy 1933
prepared for energy dispersive X-ray microanalysis.
Scanning electron microscopy

An analysis of the chemical composition of the
structural component under spectrum No 2 suggests that
the phase MgsZn;Al, inclusions are most likely
localized at this point. The inclusion of a light shade
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(spectrum No 3) has a very high oxygen concentration
and also a high concentration of magnesium, which is
more than 10 times higher than that for the average
concentration in the alloy. The characteristic ratio of the
mass fractions of oxygen and magnesium suggests that
the inclusion of magnesium oxide is localized in this
place. The chemical composition of the structural
component under spectrum No4 corresponds to
a-aluminum-based solid solution.

The chemical composition of the structural components
in the 1933 alloy remelted layer

Chemical Mass fraction, %
element Spectrum No 1 | Spectrum No 2
Aluminum 90.13 70.83
Magnesium 1.69 12.45
Oxygen 3.42 -
Copper 0.68 1.23
Zinc 4.08 15.49
Chemical Mass fraction, %
element Spectrum No 3 | Spectrum No 4
Aluminum 59.56 92.73
Magnesium 18.94 1.39
Oxygen 19.93 -
Copper 0.47 0.98
Zinc 3.10 4.90

Thus, diffractometric studies and the results of
energy dispersive X-ray microanalysis suggest that
magnesium oxide is present in the remelted layer. Fig. 7
shows the microstructure types of the remelted 1933
alloy layer.

I———

b 5 um

Fig. 7. The microstructure of the remelted 1933 alloy
layer
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Inclusions that have a light shade on the thin section
are magnesium oxide. The sizes of MgO inclusions do
not exceed 1 um. They are uniformly distributed over
the thin section, but there are places of a denser
arrangement of inclusions. Metallographic analysis
shows that approximately 3% of the volume fraction of
magnesium oxide is present in the structure of the
remelted layer.

The X-ray diffraction graph of the 1933 alloy
remelted layer indicates that the conditions realized
during pulsed irradiation lead to the formation of
crystalline  MgO particles. The lattice period of
crystalline magnesium oxide under normal conditions is
0.4210 nm and its density is 3.58 g/cm®. As shown by
the results of diffractometric studies, MgO present in the
composition of the remelted layer has a cubic face-
centered lattice with a period of 0.4051 nm, and its
X-ray-graphic density is 4.027 g/cm®. In this state,
magnesium oxide can be obtained under conditions of
high pressure [17]. Exactly pulsed high-current electron
beams create these high pressures. At local beam energy
concentrations exceeding 10’ J/cm?, the pressure in the
target can reach several megabars [18, 19].

To understand the mechanism of magnesium oxide
formation, it is necessary to consider the dynamics and
conditions of the pulsed irradiation process. The action
of the pulsed beam is combined: the impactable, thermal
and radiational [18, 19]. Since the maximum energy
absorption of the beam falls on the near-surface region
of the plate, a microexplosion of the surface occurs,
accompanied by a shock-plastic wave in the direction of
the target and ejection of the material toward the beam
[11]. Irradiation is performed inside the vacuum camera
of the accelerator at a pressure of 10™...10° Torr. At this
pressure, oxidation processes will occur due to the
presence of oxygen in the residual vacuum medium. The
oxidation of magnesium in the air is much more active
than the oxidation of aluminum. Magnesium oxide
forms more easily than Al,O;, due to the higher
reactivity of magnesium than aluminum. Therefore,
MgO is the starting material for oxidizing the melt of an
aluminum alloy containing magnesium. The beam
intensity, leading to surface melting of the plate and
creating a shock wave, leads to crushing and spraying of
inclusions of the secondary phases present in the initial
state [18, 19]. Magnesium is concentrated mainly in the
form of intermetallic inclusions and eutectic layers,
which at the time of irradiation are broken and instantly
oxidized. Thus formed, magnesium oxide dispersoids
precipitate in the crystallizing surface layer of the alloy.
Thus, the structural and phase state of the modified
remelted layer is determined by the impact of the
electron beam, oxidation processes under conditions of
residual vacuum, and crystallization from the melt under
ultrafast cooling.

CONCLUSIONS

1. The impact of a pulsed electron beam on the plate
of alloy 1933 leads to the melting of its surface layer. A
drop-shaped relief with microcracks is formed on the
surface of the remelted layer.

ISSN 1562-6016. BAHT. 2020. N22(126)



2. X-ray diffraction studies showed that the
magnesium oxide is present in the surface remelted
layer. The X-ray diffraction graph does not show peaks
of the MgZn,, Mgs;Zn;Al,, and Al,CuMg phases, which
may be present in alloys of the Al-Mg-Cu-Zn system.

3. The energy dispersive X-ray microanalysis of the
selected sections of the polished surface of the 1933
alloy remelted layer also confirmed the presence of
magnesium oxide in them.

4. To understand the mechanism of magnesium
oxide formation, we analyzed the dynamics and
conditions of the pulsed irradiation process. It is shown
that the structural and phase state of the modified
remelted layer is determined by the impact action of the
electron beam, oxidation processes under conditions of a
residual vacuum, and by the crystallization from the
melt under ultrafast cooling.
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AHAJIN3 U3BMEHEHUM ®A30BOI'O M CTPYKTYPHOI'O COCTOSTHUM
IHOBEPXHOCTHOI'O CJIOA AJIIOMUHHUEBOI'O CIIVIABA 1933,
HEPEIIJIABJIEHHOI'O UMI1YJIBCHBIM ITYYKOM 3JIEKTPOHOB

JL.E. Munas, B.B. Bpwxoeeykuit, B.B. /lumeunenxo, B.11. Iloiioa, A.B. Iloiioa, B.®. Knenuxog,
B.T. Yeapos, 10.D. Jlonun, A.I. Ilonomapes

W3y4yeHsl 0COOEHHOCTH CTPYKTYPHBIX M (Pa30BBIX M3MEHEHHH ITOBEPXHOCTHOTO CIJIOS AITIOMHHHEBOTO CILIABa
1933, BBI3BaHHBIC BO3JCHCTBHEM PEISATHBICTCKOTO WMITYJIBCHOTO ITydKa 3IeKTpoHOB. CTpyKTypHO-(a3oBoe
COCTOSIHAE JAaHHOTO CIIOS ONpENENseTCsl YOApHbIM BO3ACHCTBHEM 3JIEKTPOHHOTO IydKa W  KHHETHKOH
KPUCTAJUIM3ALMKA W3 pPACIUIaBa B YCIOBHUSX CBEPXOBICTPOTO OXJIAKACHWA. Bo3neiicTBHE HMITYyIbCHOTO ITydKa
3JIEKTPOHOB COIPOBOXKAACTCS (HPOPMHUPOBAHMEM pPa3BUTOTO penbeda MOBEPXHOCTH M IOSBICHHEM Ha HEH
MuKpoTpemuH. CTpyKkTypa MOIU(UIMPOBAHHOTO CNOSI sBISIETCS HepaBHOBecHOH. Jludpaxromerprueckne
HCCIIEAOBAHUS U PE3YNIbTAThl IHEPTOJUCIEPCHOHHOTO PEHTTEHOBCKOTO MHKPOAHAIN3a MO3BOJIIIIN YCTAaHOBUTH, YTO
B MEPEIIABICHHOM CJIO€ NPHUCYTCTBYIOT BKIIOUEHMS OKCHIa MarHus. Bxmrouerns MgO B OCHOBHOM paBHOMEPHO
pacripenielieHsl B IIEpEIUIaBICHHOM cjoe. MakcuManbHBI pasmep BKmodeHnid MgO He mpeBbmaer 1 MKM.
OOcCyXIarTcst IPUIMHBI U MEXaHWU3MBI 00pa30BaHHA OKCHIA MarHus BO BpeMs ICHCTBUS MMITYJIBCHOTO ITydKa
3JIEKTPOHOB.

AHAJII3 3MIH ®A30BOTI'O I CTPYKTYPHOI'O CTAHIB IOBEPXHEBOI'O LIAPY
AJIIOMIHIEBOT'O CIIJIABY 1933, IEPEIIJIABJIEHOI'O
IMITYJIBbCHHUM ITYYKOM EJIEKTPOHIB

.€. Muna, B.B. bproxoseyvkuii, B.B. /lumeunenxo, B.II. Iloiioa, A.B. Iloiida, B.®. Knenikoas,
B.T. Yeapoes, I0.®. Jlonin, A.I. Ilonomapvos

BuBueHO 0COOMMBOCTI CTPYKTYpHHX 1 (Da30BHX 3MiH TOBEPXHEBOTO MIapy alioMiHieBOro craBy 1933,
BUKJIMKAaHI BIUIMBOM PEILITHBICTCHKOTO IMITYJIBCHOTO ITy4dKa eNeKTpOHIiB. CTPYKTypHO-(a30BHil CTaH JaHOTO LIapy
BU3HAYAETHCS yIapHUM BIUIMBOM €JEKTPOHHOTO Iyyka i KIiHETHKOK KpHcTami3alil 3 po3IiiaBy B YMOBAax
HAJIIBUIKOTO OXOJNO/DKCHHA. BIUIMB IMIYNBCHOTO IydKa ENEKTPOHIB  CYNPOBOKYEThCS (HOpMyBaHHIM
PO3BHHYTOTO penbe]y TOBEpXHI 1 TOABOI HA HiA MikpoTpimmH. CTpykTypa MOIU(IKOBAHOTO TMIApy €
HEpIBHOBXHOI0. JIMpaKkTOMETpHUYHI OCTIIKCHHS 1 pe3yNbTaTd CHEPrOAHCIEePCiHHOTO PEHTIeHIBCHKOTO
MIKpOaHaJli3y Iajdd 3MOTYy BCTAHOBHUTH, LIO B IEPCIUIABICHOMY MNIapi NPUCYTHI BKIIOYEHHS OKCHIY MAarHilo.
Bxmouenass MgO B OCHOBHOMY piBHOMIPHO PO3IIOALICHI B TIepeIUIaBiieHi mapi. MakcuMabHUHA po3Mip BKIIOYCHD
MgO ne mepepmmrye 1 mMkM. OOroBOPIOIOTHCS TPHYMHH | MEXaHI3MH YTBOPEHHS OKCHIY MAarHilo Mg dvac mii
IMITYJIBCHOTO TIy9Ka eIEKTPOHIB.
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