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Abstract: In this study, an integrated treatment approach was employed to modify hypereutectic silumin. This method involved electroexplosive
alloying of the surface layer with yttrium oxide powder, followed by irradiation with a pulsed electron beam. The experimental data obtained
demonstrate that this integrated treatment results in the formation of a submicron-nanocrystalline structure characterized by high-speed
cellular crystallization of aluminum within the surface layer. This structure is composed of crystallization cells enriched with aluminum
atoms, indicating the creation of a solid solution based on aluminum. The nanocrystalline layers, formed by silicon particles and yttrium oxide,
are positioned at the cell boundaries. The study reveals that, as a consequence of integrated treatment with an electron beam energy density
of 25 J/cmz, the wear parameter of the modified samples increases by 7.9+0.6-fold, and the friction coefficient decreases by 1.7£0.15-fold
compared to the initial state. Additionally, the microhardness of the modified silumin surface layer increases by 1.5+0.12-fold compared to the
initial state. When the electron beam energy density is elevated to 35 J/cm2, the wear parameter of silumin is enhanced by 2.14+0.21-fold, while
the friction coefficient increases by 1.13%0.1-fold. However, the microhardness decreases by 1.3+0.13-fold, while still surpassing the specified
characteristics of untreated silumin. This investigation postulates that the substantial increase in the wear parameter during integrated
treatment may be attributed to the presence of silicon inclusions in the surface layer that did not dissolve during the modification process.
These inclusions are surrounded by the high-speed cellular crystallization structure mentioned earlier.
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9JIEKTPOHHBIM ITyYKoM. [ToJyuyeHHble JTaHHblE CBUAETEIbCTBYIOT O TOM, UTO TaKasi KOMIIJIEKCHas 00paboTKa NPUBOAUT K CO3JaHUI0 MHO-
roha3Hoi CyOMUKPO-HAHOKPUCTAIIIMYECKOM CTPYKTYPhI BBICOKOCKOPOCTHOM STYEMCTONM KPUCTATU3AUY ATIOMUHHUS B TOBEPXHOCTHOM
cioe. O6beM KpHCTaIJIN3allMOHHBIX sSTYeeK 00orallleH aTOMaM1 aJlOMUHUS, YTO CBUJETEIbCTBYET 00 00pa3oBaHUM TBEPAOTro pacTBOpa
Ha OCHOBe aJlloMUHUsI. HaHoKpucTasIMuecKe clior, 00pa3oBaHHbBIE YaCTUIIAMU KPEMHHUSI U OKCUJOM UTTPUSI, PACIIONOXEHBI BIOJb
TpaHWUII siueeK. MccmemoBaHue MOKA3bIBAET, UTO B Pe3yIbTaTe KOMIIJIEKCHON 00pabOTKY MPY MIIOTHOCTH SHEPTUU DJIEKTPOHHOTO MTyuKa
25 ,Zl)l(/CM2 TIPOUCXOJUT yBeJIUUEHUE TTapaMeTpa nu3Hoca MoauduIMpoBaHHBIX 00pa3oB B 7,91+0,6 pa3za u yMmeHbllleHUEe KO3bOUIINEH-
ta TpeHus B 1,710,15 pa3a mo cpaBHEHUIO C CLUITYMUHOM B UCXOMHOM COCTOsIHMU. Kpome TOoro, MUKpOTBEpAOCTh MOAUDUIIMPOBAHHOTO
TakUM 00pa3oM MOBEPXHOCTHOTO CJIOSI CMJIYMUHA BO3pacTaeT M0 CPAaBHEHUIO C UCXOAHBIM cocTossHueM B 1,510,12 pa3a. [loBbimeHue
MJIOTHOCTH 3HEPIUH 3MEKTPOHHOTO MydKa 10 35 JIxk/cM> MPUBOINT K YBEINUEHUIO MapaMeTpa H3Hoca cuayMuHa B 2,1+0,21 pasa, Ko-
sbduumrerta Tpenus B 1,13+0,1 paza u cHukeHUI0 MUKpOTBepaocTu B 1,3+0,13 pa3a, npu 3ToM Bce elie NnpeBbilias 3aJJaHHbIe Xapak-
TEPUCTUKU CUIIYMUHA B UCXOLHOM COCTOSIHMU. B MccienoBaHuy npeamnosaraeTcsi, YTo MHOTOKpaTHOE yBeJIMUYeHHEe MapaMmeTpa U3Hoca
MpY KOMIJIEKCHOI 00paboTKe CBSI3aHO C MPUCYTCTBUEM B MTOBEPXHOCTHOM CJIO€ BKJIIOUEHU I KPEMHUSI, KOTOPbIE HE PACTBOPUJIUCH TPU
MoaubUKaLUH, B OKPYXEHUU BBICOKOCKOPOCTHOMI SIYEUCTOM KPUCTAIU3aALLMOHHOM CTPYKTYPBI.

Kuouessie cjioBa: CUJIyMUH, 2JIEKTPOB3PBIBHOE JIETUPOBAHUE, UMITYTbCHBII 3JIEKTPOHHBIN IMTY4Y0K, CTPYKTYypa, mapaMeTp u3Hoca.
Baaromapuoctu: VccienoBanue BHITIOMHEHO 3a cyeT rpaHTa Poccuiickoro Hayunoro ponga Ne 19-79-10059, https://rscf.ru/project/19-79-10059/
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Introduction

Hypereutectic aluminum-silicon (Al—Si) casting
alloys find extensive applications in the aerospace,
automotive, and general engineering industries. This
popularity is primarily attributed to their excellent
properties, including good castability, wear and cor-
rosion resistance, high strength, low density, good
thermal conductivity, and a low coefficient of thermal
expansion. [1—3]. As a result, hypereutectic AI—Si al-
loys are becoming attractive materials to replace con-
ventional cast iron in engineering applications such
as cylinder blocks, cylinder liners, and pistons. This
substitution aims to promote fuel economy and reduce
vehicle gas emissions [4; 5].

The microstructure of hypereutectic AI—Si alloys
typically includes primary Si crystals and an o-Al and
eutectic Si mixture. As silicon content increases, prima-
ry silicon and elongated eutectic silicon can degrade the
alloy’s performance by disrupting the matrix. Therefore,
modifying hypereutectic AI—Si alloys to alter the mor-
phology and distribution of these silicon phases is vital
for enhancing mechanical and tribological properties
[6; 7]. Furthermore, it’s well-established that exposing
materials to intense pulsed electron beams leads to sig-
nificant changes in their surface structure and proper-
ties [8—11]. The combination of beneficial features in
intense pulsed electron beams is unquestionably the core
for their use in advanced techniques for modifying metal
materials.

In [12—14], the hypereutectic A1—17.5Si alloy un-
derwent treatment with a high-current pulsed electron
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beam. As a result, the treated surface exhibits different
structural characteristics in various compositions and
distribution zones: a silicon rich zone, an aluminum
enriched zone, and an intermediate zone. The micro-
structure in the silicon-rich zone consists of small,
dispersed, spherical nanosized Si crystals surrounded
by Al cells. The aluminum-rich zone features a cel-
lular microstructure with a cell size of ~100 nm. The
intermediate zone forms at the boundary between two
zones and consists of a eutectic structure. As the num-
ber of pulses increases, the proportion of silicon-rich
zone over the entire upper surface increases, and nu-
merous cellular substructures transform into fine
equiaxed grains. In a similar study [15], irradiation
of hypereutectic silumin with a lower silicon content
(A1—12.6Si) leads to the formation of a fine, equiaxed
grain structure, significantly improving the wear re-
sistance of the alloy (2.5-folds).

In [16], the surface alloying of an aluminum alloy
with molybdenum using a high-current electron beam
was investigated. As a result, it was discovered that after
irradiation, an AlsMo phase with a needle-like structure
appeared in the alloying layer. Numerous structural de-
fects were observed, including craters, various cracks,
dislocation loops, and dislocation walls. Studies of va-
rious irradiation modes have shown that with an increase
in the number of pulses, the density and size of craters
formed on the irradiated surface significantly decrease;
and a noticeable increase in corrosion resistance is also
observed. An international scientific team conducted
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research on the influence of electron beam treatment on
the solubility of Sc in Al and the associated hardening
effects [17].

The high-current pulsed electron beam treatment
of hypereutectic Al—I15Si alloy increases the tensile
strength of the alloy by 41.4 %. This treatment method
appears to be a y approach for enhancing the mecha-
nical properties of hypereutectic alloys within the Al—Si
system [18].

One of the most promising techniques for surface
treatment of metals and alloys is the electron-ion-plas-
ma method, which involves both coating and subse-
quent irradiation with an electron beam. This com-
bination of methods enables not only the application
of thermal effects to the material’s surface but also
alloying of the surface layer [19—21]. Collectively,
these methods for influencing the structure and phase
composition offer the potential to mitigate many of the
shortcomings and extend the service life of machine
parts and mechanisms.

The aim of this study is to investigate and analyze
the patterns governing the formation of the structure
and properties of hypereutectic silumin when subjected
to modification with yttrium oxide particles using an
integrated method that combines electroexplosive al-
loying with subsequent irradiation via a pulsed electron
beam.

Materials and methods

In order to conduct this study at Siberian State
Industrial University (SibSIU, Novokuznetsk), we
produced five samples of silumin with a eutectic
composition, comprising the following elements: Si —
20.28 wt.%, Fe — 1.14 %, Cu — 0.072 %, Mn — 0.015 %,
Ni — 0.006 %, Ti — 0.006 %, Cr — 0.001 %, with the
remainder being aluminum.

The first step of treatment involved electroexplo-
sive alloying of the silumin. This process was carried
out using an EVU 60/10 electric discharge unit at
SibSIU. Aluminum foil served as the material for the
exploding conductors, while Y,0; was employed as
the powder sample. The treatment was conducted un-
der the following conditions: aluminum foil weight —
58.9 mg, Y,053 powder mass — 58.9 mg, discharge vol-
tage — 2.8 kV.

In the second stage, the modified surface of silumin
samples underwent irradiation with a pulsed electron
beam. The irradiation was performed using the SOLO
facility (Institute of High Current Electronics, SB RAS,
Tomsk). The irradiation parameters were as follows: ac-
celerated electron energy — 18 keV, electron beam ener-

gy density — 25 and 35 J/cmz, electron beam pulse dura-
tion — 150 ps, number of current pulses — 3, and pulse
repetition rate — 0.3 s~

The analysis of the irradiated surface’s structure
was conducted using scanning electron microsco-
py with an SEM-515 device (Philips, Netherlands).
The elemental composition of the material’s surface
layer was determined through X-ray spectral micro-
analysis using an EDAX ECON IV microanalyzer, an
attachment to the SEM-515 scanning electron micro-
scope (Philips, Germany). The structural-phase state
of the silumin, depending on the distance to the modi-
fication surface, was investigated using transmission
electron diffraction microscopy of thin foils with a
JEM-2100F device (JEOL, Japan). This technique en-
abled the study of defect substructures, phase compo-
sition, and highly sensitive scanning with an electron
beam, as well as the examination of the foil’s elemen-
tal composition through energy dispersive analysis of
X-ray radiation. The mechanical properties of modi-
fied silumin were assessed at room temperature in
air, including microhardness determination using a
PMT-3 device (JSC LOMO, St. Petersburg) with an
indenter load of 0.5 N. The tribological properties
of the modified silumin were characterized using a
TRIBOtester device, employing the Pin-on-Disc test
method (France). These tests were conducted at room
temperature in air, with an Al,O; ball (diameter:
6 mm) as the indenter, a 5 N load on the indenter,
a sample rotation speed of 25 mm/s, and a friction
path length of 100 m.

Results and discussion

The studies conducted included the irradiation of
silumin samples doped using the electroexplosive me-
thod. The samples were exposed to a pulsed electron
beam with an energy density of 25 J/cmz. A signifi-
cant reduction in the wear parameter of the modified
samples by 7.9140.6-fold and the friction coefficient by
1.7£0.15-fold was observed compared to the cast silumin
in its original state. The microhardness of the surface
layer of the silumin modified in this manner showed a
relatively small increase: 1.5+0.12-fold. However, an
increase in the energy density of the electron beam to
35 J/cm? resulted in a 2.1£0.21-fold increase in the si-
lumin wear parameter and a 1.13+0.1-fold increase
in the friction coefficient. Additionally, there was a
1.3+0.13-fold decrease in microhardness compared to
the characteristics of silumin modified at an electron
beam energy density of 25 J/cm2 while still exceeding the
characteristics of the original silumin state.
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It is evident that the mechanical and tribological
characteristics of silumin are determined by the state of
the structure of the modified surface layer. Figure 1 dis-
plays electron microscopic images of the silumin surface
structure in its initial state, illustrating the presence of
numerous faceted inclusions (dark-colored particles),
needle-shaped inclusions, and inclusions resembling
Chinese hieroglyphs.

It is widely recognized that faceted inclusions are
silicon particles (the dark-colored particles), while hie-
roglyphic inclusions and needle inclusions consist of
complex compounds (the light-colored particles) formed
by aluminum, iron, copper, manganese, and silicon
atoms [22].

In a previous study [23], focusing on silumins with
eutectic composition, it was demonstrated that inte-
grated treatment combining electroexplosive alloying
with yttrium oxide and subsequent irradiation with a
pulsed electron beam (at 40 J/cmz, 200 ps pulse dura-
tion, and 3 pulses) results in the formation of a surface
layer up to 150 um thick. This layer exhibits a high-
speed cellular crystallization structure, with cell vo-
lumes ranging between 400—800 nm and being com-
prised of an aluminum-based solid solution. These
cells are separated by interlayers up to 100 nm thick,
which are composed of silicon and intermetallic com-
pounds with complex elemental compositions. This
observed modification of silumin leads to a 3.5-fold
increase in wear resistance, a 1.3-fold decrease in the
coefficient of friction, and a 1.2-fold increase in mi-
crohardness compared to the original material. It can
be hypothesized that the patterns of structural and
property evolution previously established for silumin
of eutectic composition, as described in [19], will al-

so be observed in silumin with a hypereutectic com-
position. Indeed, the studies conducted in this work
revealed the formation of a high-speed cellular crys-
tallization structure during integrated treatment of
hypereutectic silumin (Fig. 2).

X-ray microanalysis of the foils, as shown in Fig. 3,
revealed that the cell volume is enriched with alumi-
num atoms, while the interlayers situated along the
cell boundaries are predominantly enriched with si-
licon and yttrium atoms. Additionally, atoms of oxy-
gen, iron, titanium, and nickel were detected in small
quantities within the studied layer. These elements are
considered impurities in the material under investiga-
tion.

A distinctive feature of the structure of hyper-
eutectic silumin, which has undergone integrated
modification, is the presence of silicon inclusions in
the surface layer that did not dissolve during high-
energy treatment. When the surface modified by the
electroexplosive method is irradiated with a pulsed
electron beam at an electron beam energy density of
25 J/em?, it results in the formation of a microtwin
structure within the silicon inclusions (Fig. 4, a, c).
At the same time, the silicon inclusions themselves
maintain their faceted shape, which is characteristic of
inclusions in cast silumin. As depicted in Fig. 4, there
is evidence of the formation of silumin layers situated
along the boundaries of aluminum crystallization
cells. These layers exhibit a nanocrystalline structure
with grains measuring 10—15 nm (Fig. 4, ¢). Addition-
ally, the presence of yttrium oxysilicide particles is ob-
served (Fig. 4, d).

Irradiating silumin with a pulsed electron beam at
an electron beam energy density of 35 J/cm2 results in

Fig. 1. Electron microscopic images of the structure of hypereutectic silumin

in the initial state

Puc. 1. DeKTpOHHO-MUKPOCKOITMYECKUE N300pakeH NI CTPYKTYPBI CUTYMWHA 3a9BTEKTUYECKOTO COCTaBa

B UCXOOHOM COCTOSAHUU
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Fig. 2. Electron microscopic image of the structure

of high-speed cellular crystallization formed

in the surface layer of hypereutectic silumin exposed

to electroexplosive alloying by yttrium oxide and subsequent
irradiation by pulsed electron beam at an electron beam
density of 25 J/cm?

Modified surface is indicated by an arrow

Puc. 2. D11eKTpOHHO-MUKPOCKOMUYECKOE U300pakeHne
CTPYKTYPbI BHICOKOCKOPOCTHOW STYEUCTON KPUCTAJIIU3AIIUY,
dopmupytoIIeiics B TOBEPXHOCTHOM CJIO€ CUJIYMUHA
3a9BTEKTUYECKOTO COCTaBa, MOABEPTHYTOTO
9JIEKTPOB3PBIBHOMY JIETUPOBAHUIO OKCUIOM UTTPU ST

U TocyeayouemMy obJy4eH 0 UMITYIbCHBIM
3JIEGKTPOHHBIM IMYYKOM MPU MJIOTHOCTU SHEPTU U

My4Ka 3JeKTPOHOB 25 Z[)K/CMZ

CTpeJsikoit yKazaHa MoBEpXHOCTb MOAMMDUIIMPOBAHUS

1 um — | um

Fig. 3. Electron microscopic image of the structure of the silumin surface layer exposed to integrated treatment (25 J/cmz) (a),
and images of foil segment a, acquired in characteristic X-ray irradiation of aluminum (), silicon (c),
and yttrium (d) atoms

Puc. 3. D1eKTpOHHO-MHUKPOCKOTIMYECKOE U300pakeHUEe CTPYKTYPbI TOBEPXHOCTHOTO CJIOSI CUJIYMUHA,
MOIBEPTHYTOTO KOMILJIEKCHOU 0OpadboTke (25 I[)K/CMZ) (a), 1 U300paxeHus1 yyacTka (poJibru a,
MOJIyYEeHHBIC B XapaKTEePUCTUUECKOM PEHTTEHOBCKOM M3JIyYeHU U aTOMOB amioMuHusd (b), KpeMHus (¢), utrpus (d)
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Fig. 4. Electron microscopic image of structure formed in the surface layer of hypereutectic silumin exposed
to electroexplosive alloying by yttrium oxide and subsequent irradiation by pulsed electron beam at an electron beam energy

density of 25 J/cm?

a — light filed; b — electron diffraction pattern; ¢, d — dark fields acquired in reflections [111] Si (¢) and [022] Y,SiO5 (d)

Puc. 4. D1eXTpOHHO-MUKPOCKOMMYECKOE U300paxKeHue CTPYKTYPhI, (POPMUPYIOLIEICS B TOBEPXHOCTHOM CJIOE CUJIYMUHA
3a9BTEKTUYECKOTO COCTaBa, MOABEPTHYTOIO JI€KTPOB3PHIBHOMY JISTHPOBAHUIO OKCUIOM UTTPU ST
M [OCTIEAYIOLIEMY OOJIYIEHIIO MMITYIbCHBIM 2JIEKTPOHHBIM ITYYKOM IIPU IUIOTHOCTH SHEPTHH [TyYKa 3IeKTPOHOB 25 [ /cM?

a — CBEeTIOe 1oJie; b — MUKPO3JIEKTPOHOTpaMMa; ¢, d — TeMHbIe MoJIs1, ostydeHHble B pebiaexcax [111] Si (¢) u [022] Y,SiO5 (d)

the development of a nanocrystalline structure within
the preserved silicon inclusions, with the grains mea-
suring between 9—30 nm. Notably, these inclusions
assume a rounded (globular) shape (Fig. 5). Similar to
the scenario illustrated in Fig. 4, the partial dissolu-
tion of silicon inclusions followed by high-speed crys-
tallization of the surface layer leads to the formation
of a cellular structure. This structure is characterized
by the precipitation of nanosized silicon particles and
yttrium oxysilicides along the boundaries of the cells
(Fig. 5, ¢, d).

The collection of results obtained leads us to infer
that the significant enhancement in the wear resist-
ance of silumin, following integrated treatment, can

74

be attributed, at least in part, to the presence of sili-
con inclusions that did not dissolve during modifica-
tion. surrounded by a structure of high-speed cellular
crystallization in the surface layer. These inclusions
are surrounded by a high-speed cellular crystallization
structure in the surface layer. This effect is observed
not only in comparison to the untreated cast silumin
but also in comparison to eutectic silumin that under-
went a similar modification process.

Conclusions

1. Integrated treatment, which combines elect-
roexplosive alloying with subsequent pulse irradia-
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Fig. 5. Electron microscopic image of the structure formed in the surface layer of hypereutectic silumin exposed
to electroexplosive alloying by yttrium oxide and subsequent irradiation by pulsed electron beam at an electron beam energy

density of 35 J/cm?

a — light filed; b — electron diffraction pattern;

¢, d — dark fields acquired in reflections [111] Si (¢) and [032] Y,Si,0; (d)

Puc. 5. Dy1eKTpOHHO-MUKPOCKOMUYECKOE U300paKeHue CTPYKTYPhl, (DOPMUPYIOLIEICS B IOBEPXHOCTHOM CJIO€ CUJIYyMUHA
3a9BTEKTUYECKOr0O COCTaBa, MOABEPTHYTOTO 3J€KTPOB3PBIBHOMY JIETUPOBAHUIO OKCUIOM UTTPUST
1 MOCJICAYIOLIEMY 0BTy ICHU IO MMITY/TECHBIM 3JIeKTPOHHBIM [Ty YKOM TTPH TIOTHOCTH SHEPTHH MTYYKa SJIEKTPOHOB 35 JIK /cM2

a — CBEeTJIoe 10J1e; b — MUKpPO3JIEKTpOHOTpamMma; ¢, d — TeMHBbIE T0JIs1, TIoJyYeHHbIe B pediekcax

I—[111]Si(e)n2—[220] Si+ [032] Y,Si,07 (d)

tion using an electron beam at an energy density of
25 J/cm?, results in a substantial 7.94£0.6-fold in-
crease in wear parameter of the modified samples
and a 1.7£0.15-fold reduction in the friction coeffi-
cient compared to the initial state of the silumin. Ad-
ditionally, the microhardness of the silumin surface
layer increases by 1.5+0.12-fold relative to its initial
state.

2. Irradiation of samples with an electron beam
energy density of 35 J/cm2 leads to a 2.1+0.21-fold
increase in the silumin wear parameter and a
1.13%+0.1-fold increase in the friction coefficient, along

with a 1.3+0.13-fold decrease in microhardness com-
pared to samples modified at an electron beam energy
density of 25 J/cm?.

3. It is postulated that the substantial increase in
the wear parameter of silumin following integrated
treatment, when compared to both the untreated cast
silumin and eutectic silumin modified in a similar
manner, can be attributed to the presence of silicon
inclusions in the surface layer. These silicon inclu-
sions, which remained intact during modification,
are surrounded by a high-speed cellular crystalliza-
tion structure.
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