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The layer-by-layer analysis of structural-phase states and tribological prop-
erties of hypoeutectic AK10M2H-type silumin at the depth up to 170 um
after the complex processing was carried out by the state-of-the-art methods
of physical material science. It involved the electroexplosion alloying with
titanium and yttrium oxide powder in different ratios followed by electron
beam processing. The choice of titanium and yttrium as the alloying ele-
ments is caused by the fact that at the solidification, they form the eutectic
mixture of two restricted solid solutions. Four variants of the combined
surface treatment are realized in the work: the masses of the exploded ti-
tanium foil and Y203 powder were 58.9 mg each at the electron beam energy
density E; = 25 J/cm? and discharge voltage U = 2.8 kV, as well as 58.9 and
88.3 mg at E; = 35 J/cm? and U = 2.6 kV. As revealed, the electroexplosion
treatment is accompanied with both the alloying of the surface layer with
plasma elements and the penetration of the initial powder particles of yt-
trium oxide into the surface layer. The complex surface processing leads to
the dissolution of Si inclusions and intermetallides typical for the cast state.
Depending on the regime, the complex surface treatment forms the multi-
component multiphase layer of the thick of up to 170 um; the crystallites’
sizes of the layer vary within the range from units to hundreds of nanome-
ters. Along with the atoms of the initial material (Al, Si, Cu, Ni, Fe), the
surface layer is enriched by the atoms of titanium, yttrium, oxygen. The
inhomogeneous distribution of the alloying elements in the modified layer
was determined by the method of mapping. As found out, the modified layer
has the structure of high-velocity cellular crystallization and contains the
inclusions of the faceted form, whose relative content decreases as moving
away from the surface. The cells of high-velocity crystallization are en-
riched mainly with Al atoms; the interlayers separating the cells are chiefly
enriched with Si atoms; the inclusions of the faceted form are mostly en-
riched with Ti, Al, and Cu atoms; Y atoms form mainly the interlayers
along the boundaries of faceted form inclusions. As detected, silicon inter-
layers, located along the boundaries and in the junctions of cell crystalliza-
tion boundaries, formed by the Al-based solid solution, have a nanocrystal-
line structure with crystallites sizes varying within the range of 10—20 nm.
The complex surface processing increases the wear resistance by 18-20
times with respect to the initial silumin, and 2.6—2.8 times with respect to
the silumin after the electroexplosion alloying. The friction coefficient in-
creases by ~1.5 times with respect to the initial silumin.

Metogamu cyuyacHoro ¢ismuHOro MaTepiajo3HaBCTBA MPOBEJEHO IIOIIAPOBUM
aHaJIi3 CTPYKTYPHO (ha30BUX CTAHIB i TPMOOJIOTIUHMX BIIACTUBOCTEU OEBTEK-
TuuHoro cuayminy Mapku AK10M2H ma raubuai 10 170 MKM ITic/as KoMIie-
KCHOTO 00po0sieHHsA. BOHO moJIATaN0 B €JIeKTPOIiAPUBHOMY JIeIyBaHHI THUTa-
HOM i IIOPOIIKOM OKCHUAY iTpil0 B Pi3HMX CHiBBiIHONIEHHAX 3 MOJAJIBIIOIO
€JIEKTPOHHO-IIYYKOBUM 00pobsieHHAM. Bubip Tutany it iTpito B AKocCTi Jiery-
BaJbHUX €JIEMEHTIiB OOYMOBJIEHO TUM, II[0 IPU TBEPAiHHI BOHM yTBOPIOIOTH
€BTEKTUYHY CYMiIll JBOX OOME)KeHUX TBepAmX pos3umHiB. B poboti peamizo-
BaHI yoTHpu BapiaHTH KOMOiHOBAHOro OOpPOOJIeHHS IIOBEPXHi: Macu IIiJpuB-
Hux (oabru TuTaHy Ta nmopomky Y203 craHoBumiau mo 58,9 mMr mpu rycrusi
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eHeprii nyuka emexrponis E; = 25 Ix/cm? i manpysi pospany U = 2,8 kB, a
rakok 58,9 i 88,3 mr nmpu E; = 35 I /cm? i U = 2,6 kB. BeranosiaeHo, 1110
eJIeKTPOmiAprBHE 0OPOOJIEHHA CYNPOBOKYETHCA AK JIEITYBaHHAM IIOBEPXHE-
BOT'O IIIAPy eJIeMeHTaMH IJIa3sMH, TaK i BIPOBAMKeHHAM Yy IMOBEPXHEBUI IIap
YACTUHOK BUXiJHOTO MOPOIIKY OKCHUAY iTpito. KoMmiekcie moBepxHeBe 06po-
OJIeHHA IIPUBOIUTH OO PO3UMHEHHS BKJIOUEHb Si I iHTepMeTatifiB, XxapakKre-
PHUX IJA JUTOTO cTaHy. BOHO B 3aJIe;KHOCTI Bix pe:xumy Gopmye Oarartoelie-
MeHTHHUI 6araTodasHUX IIap TOBIIMUHOIO 00 ~170 MKM, posMipu KpHUCTAJITiB
AKOT0 3MIiHIOIOTHCS B MEXKaX BiJ OAMHUIIL A0 coTeHb HaHomerpiB. Ilopsanm 3
aromaMu BuxigHoro martepiany (Al, Si, Cu, Ni, Fe) moBepxHeBuii 1map 3b6ara-
YeHO aToMaMH TUTaHy, iTpifo, KUCHIO. MeToqoM KaTpupyBaHHA BUABJIEHO He-
OMHOPIAHUI PO3IOALT JIeIyBAJIbHUX eJeMeHTiB y MoaudikoBaHoMYy miapi. Bu-
SABJIEHO, III0 MOAM(MDIKOBAHUIM IIIap MA€ CTPYKTYPY BUCOKOIIBUIKiCHOI KOMip-
KOBOI KpucraJjisalrii Ta MicTUTL BKJIIOUEHHS OrpaHOBaHOI (hopMuU, BiZHOCHUI
BMiCT AKMX SHM)KYEThCA B Mipy BigmasjeHHA Big moBepxHi. KoMipku Bucoko-
IMBUAKiCHOI KpucTasisarmii s6arauerno mepeBa:kHo aromamu Al; mpolimapky,
110 PO3OiIAIOTh KOMipKHU, 30araueHi, mepeBakHO, aToMaMu Si; BKJIIOUEHHS
orpasoBaHoi popMu 36araueHo, mepeBaskHo, aromamu Ti, Al i Cu; atromu Y
nepeBaskHO (OPMYIOTH IPOMIAPKY IO MeXKaX BKJIYEHb OrPaHOBAHOI (hopmu.
Busasieno, 1o mpomapku KpeMHiI0, pO3TallloBaHi y3MOBK MEXK i B CTHKaX
Me)K KOMIipOK Kpucrasisailii, copMoBaHMX TBEpPANM PO3YMHOM HA OCHOBI
aJIIOMiHiI0, MalOTh HAHOKPUCTAJIYHY CTPYKTYPY 3 PO3MipOM KPHUCTAJIITIB, 110
3MiHIOIOTECA ¥y Mekax 10—20 am. KomniekcHe moBepxHeBe 06p0o0aeHHA 30i-
JBIITYyEe 3HOCOCTiMiKicTh y 18—20 pasiB BiHOCHO BUXiAHOTO CHUJIYMiHY Ta B
2,6—2,8 pasu 1o BimHOIIEHHIO IO CUJIYMIiHY IiCJA €JIeKTPOIIiAPUBHOTO JIery-
BaHHA. KoedimieHT TepTa 3HMIKYEThCA B ~1,5 pasu BiIHOCHO BUXiZHOTO CH-
JyMiHYy.

MeTomaMu COBPEMEHHOTO (PU3UUECKOTO MaTepuaioBeIeHWs HPOBEAEH II0-
CIOWHBIN aHANN3 CTPYKTYPHO (Pa30BBIX COCTOAHUN U TPUOOJIOTUUECKUX
CBOICTB J0o9BTeKTHUYecKoro cuiaymuua mapku AK10M2H wa raybume mo 170
MKM IIOCJIe KOMILIEKCHOM o0paboTku. OHa 3aKJOUaiach B 3JIEKTPOB3PHIBHOM
JeTUPOBAHUM THUTAHOM U IIOPOIIKOM OKCHIA WUTTPUA B PA3HBIX COOTHOIIIE-
HUSX C TOCJeAyIoIel sJIeKTPOHHO-IYYKOBOM 06paboTkoii. Beibop TuTana u
UTTPUA B KAUECTBE JIETUPYIOIIUX BJIEMEHTOB OOYCJIOBJIEH TeM, UTO IIPU 3a-
TBEpAeBaHUY OHU 00Pas3yIOT 9BTEKTUYECKYIO CMeCh IBYX OTPAaHUUYEHHBIX TBED-
IBIX PacTBOPOB. B paboTe peasin30BaHbI YeThIpe BapuaHTa KOMOMHUPOBAHHOMN
00paboOTKM ITOBEPXHOCTH: MACCHI B3DPbIBaeMbIX (hOJBI'M THUTAHA W IIOPOIIKA
Y203 cocraBasiu mo 58,9 Mr Ipu IJIOTHOCTH SHEPrHU IYUYKA 39JEKTPOHOB
E; = 25 JIsx/cm? u Hanps:xkennu paspazga U = 2,8 kB, a takxe 58,9 u 88,3
mr npu Es = 85 [Ixx/cm? u U = 2,6 KB. YCTaHOBIIEHO, UTO 3JI€KTPOB3PLIBHAA
00paboTKa COIPOBOKIAETCA KAaK JIETUPOBAHWEM IIOBEPXHOCTHOTO CJIOS dJIe-
MEHTaMH ILJIa3Mbl, TAK ¥ BHEIPEHNEM B IIOBEPXHOCTHBIM CJIOM YACTHUI] MCXOJ-
HOTO IIOPOIIKA OKcHUAa UTTpuUs. KoMIJIeKCcHas MOBepXHOCTHas oO6paboTKa
MIPUBOAUT K PACTBOPEHUIO BKJIIOUEHUN Si 1 MHTEPMEeTAINI0B, XapaKTePHbIX
IJs auToro cocTosHmsaA. OHA B 3aBUCUMOCTH OT pPekuMa (OpMUPYyeT MHOTO-
SJIEMEHTHBIM MHOTO(MA3HBIN CJIOU TOJIMWHON 10 ~170 MKM, pasmMephbl Kpu-
CTAJIIUTOB KOTOPOTO MU3MEHSIOTCA B IIpefeiaX OT eIUHUIL O COTeH HAaHOMeT-
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poB. Hapsany ¢ aromamu mcxoxuoro marepuaia (Al, Si, Cu, Ni, Fe) moeepx-
HOCTHBIN cJIOFi oboraiméH aTroMaMy THUTaHa, UTTPUA, Kuciaopoxa. Meromom
KaTpPUPOBAHUSA BBIABJICHO HEOJHOPOMHOE pacipelelieHIe JeTHPYIOIMUX dJie-
MEHTOB B MOAUGUIIMPOBAHHOM CcJoe. BEIABIEHO, YTO MOAUMPUITMPOBAHHBIH
CJIONl MMeeT CTPYKTYPY BBICOKOCKOPOCTHOM SAYEUCTON KPUCTAJIU3AIUU U CO-
IEePKUT BKJIOUEHUS OTPAHEHHOUN (hOPMBI, OTHOCUTEJILHOE COAEPIKaHNe KOTO-
PBIX CHMIKAeTCs II0 Mepe yAaJeHUs OT MOBEPXHOCTHU. SIuefiKM BBICOKOCKO-
POCTHOM KpHCTaJLIN3aIuK 000raIlleHbl IIPenMYyIIleCTBeHHO aTromamMu Al; mpo-
CJOMKHU, pasaessdioniue A4YeliKu, o0OTaIlleHbl, IIPEeuMYIIeCTBEHHO, aToOMaMU
Si; BKJIIOUEHUsS OTpPaHEHHOI (opMBI 00OTAallleHbI, MPEUMYIIECTBEHHO, AaTo-
mamu Ti, Al u Cu; aromer Y mnpeumMyInecTBeHHO (GPOPMUPYIOT HPOCIONKHU IIO
TpaHMUIAM BKJIOUEHHNII OrpaHEHHOW (opMbI. BLIABIE€HO, UTO IIPOCJIONKH
KPeMHHUs, PacIoiaramliiuecs BIOJIb I'PAHUI] M B CTBIKAX I'DAHUIL SUYEeK KPU-
cTaaamusanu, chopMUPOBAHHBIX TBEPABIM PACTBOPOM Ha OCHOBE aJIIOMUHUA,
UMEeIOT HAaHOKPUCTAJLINYECKYIO CTPYKTYPY C Pa3MepoOM KPUCTAJJIUTOB, U3Me-
HaomuMmcea B npegenaax 10—20 um. KommiekcHas moBepxXHOCTHaA o6paboTKa
yBeJIMUUBAET M3HOCOCTOMKOCTL B 18—20 pas MmO OTHOIIEHUI0 K MCXOTHOMY
cunymMuHy u B 2,6—2,8 pasa IO OTHOIIEHHIO K CHUJIYMUHY IIOCJE 3JIEKTPO-
B3PBIBHOTO JerupoBanHusa. KoadduimeHT TpeHusa cHu:kaerca B ~1,5 pasa 1o
OTHOIIEHUI0 K MCXOJHOMY CUJIYMUHY.

Keywords: hypoeutectic silumin, electroexplosion alloying, titanium, yt-
trium, electron beam processing, structure, phase composition, wear re-
sistance.

Karouori ciioBa: 10eBTEKTUYHUI CUIYMiH, €JIEKTPOIiIPUBHE JeIyBaHHA, THU-
TaH, iTpiil, eJeKTPOHHO-IIyYKOBe O0POOJEeHHS, CTPYKTypa, (pasoBuil CKJam,
3HOCOCTiHKiCTB.

KaroueBbie ciI0Ba: JO9BTEKTUUECKUI CHUJIYMUH, 3JIeKTPOB3PLIBHOE JETUPOBAa-
HUe, TUTaH, UTTPUH, JIeKTPOHHO-IIyYKOBas 00paboTKa, CTPYKTypa, pasoBbIit
COCTaB, MBHOCOCTOMKOCTD.

1. Introduction

The modification of the surface properties of light metals and alloys
is not only widely investigated but still a rather promising direction.
The operation efficiency of the surface hardened product is deter-
mined by many factors the main of which are: strength and hardness
of the strengthened zone, homogeneity of structure and properties,
high resistance to failure, mainly, crack initiation. In recent years,
the impact of the studies in the field of physical material science is
focused on the clarification of the nature of the increase in the prop-
erties of metals and alloys at the expense of the processing by the
concentrated fluxes of energy [1]. Among the variety of the methods
of surface modification (laser, plasma, ultrasonic processing, ion
beams etc.) the electroexplosion alloying (EEA) [2] and electron beam
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processing (EBP) hold the special position [3, 4]. The important fea-
ture of EEA consists in the fact that the source of the alloying ele-
ments is a multiphase jet of explosion itself and the results are de-
termined by the mutual action of the heat, power and chemical fac-
tors of effect on the surface. It permits one to perform the alloying
both by simple metals and complex compounds — carbides, oxides,
borides etc., ensuring the high level of service properties of the sur-
face [56—10]. The simultaneous occurrence of a series of intercon-
nected processes determining the formation of new structural phase
states and properties of the surface layers at EEA pose a problem of
full-scale determination of its possibilities and control of its results,
the development of specialized equipment with high level of mecha-
nization and automatization of the process [11].

In comparison with the other types of modifications of material’s
surface, the low-energy (<30 keV) electron beams are generated with
a substantially higher efficiency (<90%) in frequency-pulsed (up to
~10 Hz) regime at a lesser (by an order of magnitude) accelerating
voltage. These beams require no a special radiation protection, be-
cause the accompanying x-ray radiation is shielded by the walls of
the working vacuum chamber. The high-energy efficiency, higher ho-
mogeneity of energy density by flux cross-section, good reproducibil-
ity of pulses and high pulse repetition rate distinguish favourably
the pulsed electron beams from the pulsed fluxes of low-temperature
plasma in the potential application of them in technological purposes
as well. The EBP possesses the higher possibilities of the supplied
energy control, the creation of large area of effect of concentrated
energy flux on the processed material, the small energy reflection
coefficient, the high-energy concentration in the volume unit of the
material. The EBP provides the super-high speeds of heat (up to 10°
K/s) of the surface layer, the formation of the limiting by magnitude
gradients of temperature (up to 10'-108 K/m), and the cooling of the
surface layer due to the heat removal to the main volume of the ma-
terial at speeds of 10*-10° K/s. As a result, the conditions of the
formation of nonequilibrium submicro- and nanocrystalline and
amorphous structural phase states [12—13] are created in the surface
layer.

At energy density of electron beam of <3 J/cm? the equilibrium
fine grained structure several micrometers thick is formed in eutectic
and hypereutectic silumin, the dissolution of silicon particles in alu-
minium matrix is observed, the supersaturated solid solution in the
molten layer is formed [14—24]. The increase in the energy density of
electron beam to 10—35 J/cm? results in the more cardinal change in
structural phase states and tribological properties of hypoeutectic si-
lumin [25-29].

The EBP at energy density of 25—30 J/cm? results in the melting
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of the surface layer, the dissolution of silicon inclusions and inter-
metallides, the formation of the structure of high strength cellular
crystallization, the repeated precipitation of the second phase parti-
cles of submicro-nanoscale ranges. The multiple change in the me-
chanical and tribological characteristics of the silumin surface layer
irradiated by the pulsed electron beam of this density has been found.
It has been shown that the friction coefficient decreases by 1.3 times,
the parameter of wear (the value reverse to wear resistance) — by 7
times, the microhardness increases by 1.7 times. It has been sug-
gested that the increase in the wear resistance of silumin modified
layer by 7 times with respect to the cast state is caused by the for-
mation of submicro-nanoscale multiphase structure of cellular crys-
tallization free from usual inclusions of silicon and intermetallides
[25—-29].

The EEA and EBP are well combined with each other, have the
correlated values of pulse time, diameter of the irradiated surface,
intensity and depth of the effect zone. At the same time the electron
beam processing exerts no pressure on the surface. Resulting in its
melting it smooths the relief under the action of capillary forces. It
is not the only reason attracting interest to the combined treatment
uniting EEA followed by the electron beam effect. That type of treat-
ment results in the change in the structural phase states and im-
provement of surface layer properties [30—34].

In Ref. [34] the studies of Ti—Y alloy structure being formed in
the substantially nonequilibrium conditions of high velocity crystal-
lization realized upon combined treatment uniting the electroexplo-
sion alloying of titanium by yttrium and the subsequent irradiation
of the modified surface by the intense pulsed electron beam of micro-
second duration of effect have been carried out. The formation of the
cellular crystallization structure presented by yttrium grains of sub-
micron (150-300 nm) sizes surrounded by titanium interlayers of
nanodimesional (100 nm) thickness has been revealed in the surface
layer of titanium. Based on the performed examinations, it has been
suggested that the formation of submicro-nanoscale structure is
caused by the combined action of two factors: the high speed of cool-
ing of the melt and the presence of the elements practically insoluble
in each other in the solid state [34]. Titanium and yttrium were used
as the alloying elements in this research. The Ti—Y system belongs to
the binary system with the restricted solubility having no interme-
tallic compounds [35, 36]. According to the equilibrium diagram, yt-
trium and titanium are completely mixed in the liquid state but on
solidification they form the eutectic mixture of two restricted solid
solutions [35, 36]. In the solid state (lower than temperature of
875 °C) the material is presented by the mixture of two phases: a-Ti
and o-Y.
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The goal of the present study is to analyse the results and to reveal
the regularities of evolution of the elemental and phase composition,
the state of the defect substructure of hypoeutectic AK10M2H-type
silumin subjected to the combined treatment. The treatment consists
in two stages: the first stage includes the electroexplosion alloying
of the material’s surface, and at the second one — the irradiation of
the alloyed layer by intense pulsed electron beam.

2. Material and Study Methods

The AK10M2H-grade silumin in the cast state (permanent-mold cast-
ing) was used as the material under study. The chemical composition
of AK10M2H silumin is given in Table 1 [37]. The samples had the
form of plates with sizes of 20x20x15 mm?3.

The surface modification of silumin samples was performed by the
combined method uniting the electroexplosion alloying (the first
stage of the processing [2]) and the irradiation by the intense pulsed
electron beam (the second stage of the processing [13]). The electro-
explosion alloying was carried out with yttrium oxide powder located
on the VT1-0 titanium foil (the regimes of electroexplosion alloying
are given in Table 2).

The irradiation of silumin sample by intense pulsed electron beam
was carried out at the SOLO plant [38]. The electron beam parame-
ters: the energy of accelerated electron U = 17 keV; the energy den-
sity of electron beam E; = 25 J/cm? and E; = 35 J/cm?; the pulse
duration t = 150 us; the pulse number n = 3; the pulse repetition rate
f = 0.3 s!; the pressure of residual gas (argon) in the working cham-
ber of the plant p = 2:10% Pa. The irradiation parameters chosen
based on the results of temperature field modelling formed at EBP
[39-42].

Thus, the following four variants of the combined treatment of
AK10M2H silumin were realized: variant 1 — EEA (mode 1) + EBP
(Es = 25 J/cm?); variant 2 — EEA (mode 1) + EBP (Es = 35 J/cm?);
variant 3 — EEA (mode 2) + EBP (Es = 25 J/cm?); variant 4 — EEA
(mode 2) + EBP (Es = 35 J/cm?).

The studies of the elemental and phase composition, the state of
defect substructure were carried out by the methods of scanning elec-
tron microscopy (device Philips SEM-515), transmission electron dif-
fraction microscopy (device JEM-2100F) [43—45]. The foils manufac-
tured by the methods of ion thinning of plates cut out perpendicular
to the surface of irradiation were analysed. This location of foils en-
ables the structure and elemental composition of the material to be
analysed depending on the distance from the surface of modification.
The elemental composition of the material was studied by the meth-
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ods of micro-x-ray spectral analysis. The tribological studies (the de-
termination of wear resistance and friction coefficient) were per-
formed at tribometer Pin on Disc and Oscillating TRIBOtester (TRI-
BOtechnic, France) at the following parameters: the ball made of ball
bearing steel 6 mm in diameter, the track radius — 4 mm, the in-
denter load and track length varied depending on the level of wear
resistance of the material. The degree of wear was determined by the
results of profilometry of track formed in tests.

3. Results and Discussion

3.1. Structure of AK10M2H Silumin in the Cast State

Al-Si alloy (hypoeutectic silumin), being the material under study,
contains a relatively large set of alloying and impurity elements (Ta-
ble 1). The presence of the alloying and impurity elements contributes
to, on the one hand, the increase in the strength properties of the
material, but, on the other hand, results in the decrease in crack
resistance of silumin that is caused by the formation of silicon and
intermetallides of lamellar morphology [13, 37, 38, 46]. The charac-
teristic images of the etched metallographic section structure of si-
lumin under study obtained by the methods of scanning electron mi-
croscopy and demonstrating the monophase, morphologically varied
character of the material are presented in Fig. 1.

The inclusions of the second phases have various shape. Their sizes
vary within the limits of units - tens of micrometers. According to
the metallographic studies [46—49], using the methods of the selec-
tive etching, one can reveal in silumins as follows. The lamellar in-
clusions of the light-grey colour — [B-phase Al;SiFe; the inclusions
having the shape of symmetrical polyhedron of the brown colour —
a-phase Ali5(FeMn)sSi; with small quantity of iron particles’ shape
similar to the Chinese hieroglyphs; the grey-colour inclusions of the
oval shape are silicon particles.

The elemental composition of different areas in the cast silumin
was examined by the methods of micro-x-ray spectral analysis (Fig.
2). The results of the examinations presented in Table 3 are indicative
of the fact that the chemical elements of the alloy are distributed
rather non-uniformly in the bulk of the material and they form the
compounds being distinguished in the sizes, contrast, morphology
and elemental composition. It is interesting to note that the relative
content of copper and nickel is higher in the grain of Al-Si (area 2
in Fig. 2) eutectic than in aluminium grain (area 4 in Fig. 2).

Thus, the performed studies have revealed the formation of the
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multiphase structure containing the inclusions of silicon and inter-
metallides of various shapes whose sizes reach tens of micrometers.

3.2. Structure of Silumin after the Combined Treatment

3.2.1. Variant 1: EEA (mode 1) EBP (E; 25 J/cm?)

The characteristic electron microscopic images of silumin surface
structure subjected to the combined treatment are presented in Fig.
3. The presence of a large number of microcraters (Fig. 3, a, b, mi-
crocraters are designated by the arrows) and the particles of droplet
fraction (Fig. 3, ¢, where arrows designate the particles) is clearly
seen. The formed surface layer is separated into areas whose sizes are
less than 1 um (Fig. 3, d). The areas have a polycrystalline structure;
the crystallites’ sizes vary within the limits from 60 nm to 100 nm
(Fig. 3, d, the inset).

The elemental composition of silumin surface layer modified ac-
cording to variant 1 was studied by the methods of micro-x-ray spec-
tral analysis. The results of the performed studies have shown that
the average concentration of titanium atoms amounts to 17.6 wt.%,
yttrium — 14.3 wt.%, oxygen — 6.7 wt.% in the surface layer. The
concentration of yttrium and oxygen atoms in the particles of droplet
fraction is substantially higher (Fig. 4).

The structure and elemental composition of the surface layer of
the modified silumin were studied by examination of transverse
metallographic sections. Analysing results in Fig. 5, we can note that
the thickness of the modified layer varies within the range 50-70
pm. The modified layer has a submicrocrystalline structure and is
free from the inclusions of silicon and intermetallides being present
in the bulk of the samples.

The studies on the atoms’ distribution of silumin chemical ele-
ments in the thickness of the modified layer were carried out using
the methods of micro-x-ray spectral analysis. The results in Fig. 6
show that the maximum concentration of titanium, yttrium, and ox-
ygen introduced additionally into the alloy concentrated in the sur-
face layer of the sample 70—-80 pum thick. When moving away from
the surface of modification, the concentration of these elements de-
creases. The modified layer is characterised by the uniform distribu-
tion of the chemical elements. Beyond this layer, the areas with the
increased content of some elements (e.g., silicon, nickel, iron and cop-
per) (Fig. 6, a) are present. It should be noted that titanium concen-
tration in the modified layer is substantially higher than that of yt-
trium as well.
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Thus, the complex treatment combining the electroexplosion alloy-
ing of silumin by titanium and yttrium oxide and the subsequent
irradiation by intense pulsed electron beam at energy density of elec-
tron beam of 25 J/cm? is accompanied with the formation of the mod-
ified layer up to 70 um thick enriched by atoms of titanium, yttrium,
and oxygen.

The elemental and phase composition, the defect substructure of
silumin subjected to the combined surface treatment were studied by
the methods of transmission electron diffraction microscopy (TEDM).
For this purpose, the foils making it possible to analyse the change
in the elemental composition and structural phase state of the mate-
rial depending on the distance from the surface of modification were
fabricated from the plates cut out perpendicular to the surface of
modification from the massive sample by the methods ion thinning.
The characteristic image of surface layer structure obtained by scan-
ning transmission electron microscopy (STEM) method is shown in
Fig. 7. As clearly seen, the modified layer is formed by the crystal-
lites of different morphology whose sizes vary in the submicro—na-
noscale range.

The results of the elemental composition study of silumin surface
layer subjected to the combined treatment are shown in Fig. 8. The
size of the foil volume under study were 9.5x9.5x0.3 um. Analysis of
the results presented in this figure shows that the thickness of silu-
min layer alloyed with Y, O, and Ti amounts of 60—-70 um. At the
larger distance from the surface of modification, the concentration
of these elements was negligibly small. The elemental composition of
the modified layer depends on the distance from the surface of treat-
ment. The concentration of O and Y atoms decreases the most sub-
stantially with moving away from the surface of treatment.

The main alloying element of the modified layer is titanium whose
concentration in the layer on the average amounts to 11 at.% and
varies in the limits of 9-14.5 at.% showing the tendency to the in-
crease with moving away from the surface of alloying. The relative
content of yttrium and oxygen decreases monstrously with the
growth of distance from the surface of alloying.

The distribution of the alloying elements in the modified layer was
studied using the mapping methods [50]. The results of mapping of
surface layer 10 pm thick are shown in Fig. 9. The results of the
quantitative analysis of the elemental composition of the layer are
presented in Table 4 (layer 0—10 um).

It is clearly seen that the main element of the layer under study is
aluminium. The principal elements alloying aluminium are titanium,
silicon, yttrium, oxygen, and copper. These elements are distributed
nonuniformly in this layer forming the inclusions of different shapes
of submicron sizes (Fig. 9, the inclusions are designated by arrows).
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The bulk of inclusions is enriched with Ti atoms, the atoms of Y
and Si form the envelope of these inclusions. In some cases, the atoms
of Cu are present in the envelope. The similar structure is revealed
in the layer of =60 pm thick. At the larger distance from the modified
surface, the structure of high-velocity cellular crystallization whose
main alloying elements are Si and Cu (Fig. 10) is observed.

The cells’ volume is formed by the Al-based solid solution (Fig. 10,
b), the extended interlayers enriched by the Si and Cu atoms (Fig.
10, ¢, d) are located at the boundaries of cells. The thickness of these
interlayers varies within the 50—-250 nm. At the larger distance from
the surface of modification, the structure characteristic of the cast
silumin detected the grains of solid solution based on aluminium, the
eutectics, the inclusions of silicon and intermetallides of various ele-
mental compositions.

The phase composition of the modified layer has been analysed us-
ing the dark-field images of transmission electron-diffraction micros-
copy and the technique of interpretation of microelectron diffraction
patterns [43—45, 51, 52]. The electron microscopic bright-field image
of this layer is depicted in Fig. 11.

Microelectron diffraction pattern obtained from the foil’s area sin-
gled out by selective diaphragm (Fig. 11, b) contains a large number
of reflections of different intensity (Fig. 11, ¢). The interpretation
of the microelectron diffraction pattern enabled to find the reflec-
tions of the following phases: silicon, a-titanium, SiY, SiTi, and
Cu:YSiz. The reflections belonging to the crystal lattice of silicon
form the diffraction rings (Fig. 11, c, reflection 1) that is indicative
of the small sizes of the particles in this phase. Actually, the dark-
field image obtained in the reflection of ring [111]Si demonstrates
the presence of nanoscale (10—-20 nm) particles (Fig. 11, d) in the
structure of silumin. The most intense reflection of microelectron
diffraction pattern (Fig. 11, c, reflection 2) corresponds to [101]a-
Ti. The dark-field image (Fig. 11, e) of foil obtained in this reflection
is indicative of the fact that the particles with faceting are formed
by a-titanium. The most complicated for interpretation is the dark-
field image obtained in closely located reflections designated by 3 in
Fig. 11, c. The microelectron-diffraction pattern analysis enables one
to suggest that these reflections belong to SiY, Cu;YSis;, and SiTi
phases, which judging by the dark-field image presented in Fig. 11,
f form the envelope of a-titanium particles.

It is evident that the revealed transformation of silumin surface
layer should have a substantial effect on the tribological properties
of the material. Actually, the performed test have shown that the
complex surface treatment of silumin leads to the multiple increase
(by #19.6 times) of the wear resistance of the modified layer and the
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decrease (by ~1.5 times) of the friction coefficient caused by the for-
mation of multiphase submicro-nanocrystalline state.

3.2.2. Variant 2: EEA (mode 2) EBP (E; 25 J/cm?)

The characteristic electron microscopic images of silumin surface
structure subjected to the complex treatment according to this mode
are shown in Fig. 12, a, b. It is clearly seen that as a result of the
treatment the surface containing the microcraters, microdroplets and
the formations of film shape are formed (Fig. 12, a). The formed
surface layer has a submicrocrystalline structure; the crystallites are
less than 1 um (Fig. 12, b). The structure analysis of the etched trans-
verse metallographic sections has shown that the thickness of the
layer modified as a result of the complex treatment amounts to 70—
80 um (Fig. 12, ¢).

The elemental composition, phase morphology, state of silumin de-
fect structure at different distance from the surface of treatment
were studied by TEDM methods. The analysis of the images presented
in Fig. 13 shows that in the layer up to 80 um thick the structure of
cellular crystallization is formed. The cells’ size varies within the
limits from 0.8 uym to 1.3 um. The cells are separated by the inter-
layers of the second phase. The thickness of the interlayers varies
within the limits of 50—-75 nm. The inclusions of the second phase
having the faceted shape in the form of cuboid or four-petal rosettes
are located principally in the triple junction of the cell’s boundaries.
The sizes of these inclusions vary within the limits of 0.5-0.7 pm.
Thus, the complex treatment according to the second variant results
in the formation of the surface layer whose second phase inclusions
are repeatedly less (by tens—hundreds of times) than the inclusions
being present in silumin of cast state.

The distribution of chemical elements in the modified layer was
studied by the methods of micro-x-ray spectral analysis of thin foils.
The results of elemental analysis (method of mapping [50]) of the
layer adjoining to the surface of modification are shown in Fig. 14.
As clearly seen, the interlayers located at the boundaries of high-
velocity crystallization cells are enriched by silicon and yttrium at-
oms. Titanium atoms enrich the particles of the faceted shape. The
yttrium atoms form the thin films and droplets located on the surface
of sample’s modification.

In a quantitative ratio the elemental composition of the surface
layer whose image is presented in Fig. 14, a, is listed in Table 5.
Analysing the results of the table, we can noted that the principal
chemical element of the layer under study is aluminium the mass
fraction of which is more than 75%. The concentration of the re-
vealed alloying elements varies within the limits from 1 to 5 mas.%.
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The elemental composition of the modified layer detected by the
methods of electron microscopy of thin foils depends on the distance
from the surface of treatment as follows from the results presented
in Fig. 15. The concentration of O and Ti atoms decreases the most
substantially with move away from the surface of treatment.

Using the dark-field images and the technique of microelectron-
diffraction pattern interpretation [43—-45, 51, 52] by the methods of
transmission electron-diffraction microscopy the analysis of phase
composition of the modified layer was carried out. Figure 16, a shows
the electron microscopic bright-field image of the surface layer of
modified silumin. The microelectron diffraction pattern obtained
from the foil’s part singled out by selective diaphragm (Fig. 16, b)
contains the diffraction halo corresponding to the amorphous state
of the substance and the reflection forming the diffraction rings (Fig.
16, ¢). The microelectron-diffraction pattern analysis enabled the re-
flections of silicon and SiY yttrium silicide to be revealed. Following
the results of micro-x-ray spectral analysis of the foil’s part pre-
sented in Fig. 16, d, it can be supposed that the amorphous phase is
the region of sample’s surface (film or droplet) enriched by yttrium.
One of the phases possessing a nanocrystalline structure and locating
along droplet (main volume of sample interface) is SiY yttrium sili-
cide.

Electron microscopic image of cellular crystallization structure of
the modified layer is shown in Fig. 17. It is clearly seen that the
volume of high-velocity crystallization cells is formed by the solid
solution based on an aluminium crystal lattice. The interlayers divid-
ing the crystallization cells contain the particles of silicon.

Electron microscopic image of the particles having the four-petal
rosettes shape is presented in Fig. 18. By the methods of dark-field
analysis it has been shown that these particles are a-titanium.

Thus, as a result of the performed studies, it has been shown that
the multielemental multiphase layer ~80 um thick having submicro-
nanocrystalline structure is formed as a result of silumin complex
treatment. The presence of the droplets enriched by yttrium atoms
being in the amorphous state has been detected on the surface of
modification. As shown, the high-velocity crystallization of the al-
loyed surface layer is accompanied by the formation of a-titanium
particles in the shape of cuboids and four-petal rosettes.

3.2.3. Variant 3: EEA (mode 1) EBP (E; 35 J/cm?)

The characteristic electron microscopic image of silumin surface
structure subjected to the combined treatment is presented in Fig.
19. It is clearly seen that the relief surface containing the regions
being distinguished by contrast (Fig. 19, a) is formed as a result of
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complex treatment. The latter may be indicative of the heterogeneity
of the elemental composition of the material’s surface layer. The
formed surface layer has the submicrocrystalline structure with crys-
tallites’ sizes less than 1 um (Fig. 19, b).

The results of the studies carried by the methods of micro-x-ray
spectral analysis have shown that in the surface layer of silumin, the
average concentration of yttrium is 8.3 wt.% (Fig. 20).

Analysing the results of transverse metallographic sections pre-
sented in Fig. 21, we have to note that the thickness of the modified
layer varies within the range of 45-80 um. The modified layer has
submicro-nanocrystalline structure and is free from the inclusions of
silicon and intermetallides being present in silumin at hand.

Results of yttrium atoms’ distribution over thickness of the mod-
ified layer are presented in Fig. 22. They show that concentration
profile has a maximum, the position of which depends on the sample’s
region being analysed at the performed combined treatment.

Analysis of concentration profiles presented in Fig. 22 is indicative
of the fact that the inhomogeneity of yttrium atoms’ distribution is
detected in both the transverse and the longitudinal cross-section of
the material, i.e. it has the bulk character.

The application of the methods of transmission electron-diffraction
microscopy enabled one to detect the formation of gradient submicro-
nanoscale structure, the characteristic image of which is presented
in Fig. 23 in the modified layer.

It has been determined that the modified layer up to 70 um thick
has the high-velocity cellular crystallization structure. The cells’
sizes vary within the range 0.5-1.2 um. The cells are separated by
the interlayers of the second phase (Fig. 23, b). The inclusions of the
faceted shape (Fig. 23, a, dark colour inclusions), whose sizes vary
within the range 0.4-0.8 um are present in the surface layer struc-
ture. The relative content of such inclusions decreases as we move
away from the surface of modification.

Energy spectra obtained by the methods of micro-x-ray spectral
analysis of thin foils from the surface modified layer are shown in
Fig. 24. The results of the quantitative analysis of elemental compo-
sition are listed in Table 6.

The analysis of the results in Table 6 show that silumin surface
layer is a multicomponent and, along with the atoms of the initial
material (aluminium, silicon, copper, nickel, chromium, iron), it is
additionally enriched with atoms of titanium, yttrium, and oxygen.

The method of mapping [60] enables one to analyse the distribution
of the alloying elements in the volume of the material under study.
The results of mapping of the surface layer of modified silumin are
presented in Fig. 25.

As seen, the high-velocity crystallization cells are enriched mainly
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with aluminium atoms (Fig. 25, b). The interlayers enriched mainly
with Si atoms (Fig. 25, c) separate the cells. The inclusions of faceted
shape (Fig. 25, a, inclusions of dark colour) are enriched, chiefly, by
atoms of titanium, aluminium, and copper (Fig. 25, ¢, d, f), the atoms
of yttrium form, principally, the interlayers at the boundaries of fac-
eted shape inclusions (Fig. 25, e).

Figure 26 presents the results of phase composition analysis of the
surface layer of foil’s region containing the faceted shape inclusions.
The technique based on obtaining the dark-field images and the
method of microelectron diffraction pattern indexing [43-45, 51, 52]
were used.

The performed electron microscopic microdiffraction analysis
shows that faceted-shape inclusions are formed by Al;CuTi., phase
(Fig. 26, c¢). The interlayers of AICuY phase composition (Fig. 26, d)
are detected along the boundaries of these inclusions.

Figure 27 shows the characteristic image of silumin cellular crys-
tallization structure. Microelectron diffraction pattern obtained from
the given foil’s region contains the separately located point reflec-
tions and the reflections forming the rings (Fig. 27, c¢). Indexing of
microelectron diffraction pattern has shown that the reflections
forming the diffraction rings belong to the crystal lattice of silicon.
The dark-field image of silumin surface layer structure obtained in
the reflection of diffraction ring (Fig. 27, c, reflections are desig-
nated by arrows) is shown in Fig. 27, d. When analysing the results
presented in Fig. 27, d, it may be noted that silicon interlayers being
located along the boundaries and boundary junction of crystallization
cells formed by the solid solution based on aluminium have a nano-
crystalline structure with crystallite sizes varying within the limits
of 10-20 nm.

Thus, the complex treatment of silumin surface in the mode of
variant 3 resulted in the cardinal transformation of surface layer
structure of the material =70 um thick consisting in the dissolution
of silicon inclusions and intermetallides characteristic of cast silumin
and the formation of gradient multielemental submicro-nanoscale
structure. It has been determined that the modified layer has the
high-velocity cellular crystallization structure and contains the fac-
eted-shape inclusions whose relative content decreases when moving
away from the surface of modification. By the methods of micro-x-
ray spectral analysis, it has been shown that silumin surface layer is
a multielemental and, along with the atoms of the initial material
(Al, Si, Cu, Ni, Cr, Fe), it is additionally enriched by Ti, Y, and O
atoms. It has been established that the high-velocity crystallization
cells are mainly enriched with Al atoms. The interlayer separating
cells are enriched mainly with Si atoms. The faceted-shape inclusions
are enriched chiefly with Ti, Al, and Cu atoms. The Y atoms form
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principally the interlayers along the boundaries of the faceted-shape
inclusions. It has been identified that silicon interlayers (located
along the boundaries and boundary junctions of crystallization cells
formed by the Al-based solid solution) have the nanocrystalline struc-
ture with crystallite’s sizes varying within the range of 10-20 nm.

3.24. Variant 4: EEA (mode 2) EBP (E; 35 J/cm?)

The characteristic electron microscopic image of silumin surface
structure subjected to the combined treatment according to variant
4 is shown in Fig. 28. The fragmentation of the surface layer by
microcracks is observed, the micropores, microcraters, burrs of the
material are detected on the modified surface (Fig. 28, a). The sur-
face layer microstructure is formed by the crystallites with size of
0.4-0.7 um (Fig. 28, b).

The results of the studies performed by the methods of micro-x-
ray spectral analysis have shown that the average concentrations of
Y, Ti, and O atoms are 17.9, 22.5, and 6.3 wt.%, respectively.

Analysing the results of the transverse metallographic section
studies presented in Fig. 29, a, we have to note that the thickness of
the modified layer varies within the range 45-80 um. The modified
layer has a submicro-nanocrystalline structure and is free from the
silicon inclusions and intermetallides present in the cast silumin (Fig.
29, b).

The studies of yttrium distribution over the thickness of the mod-
ified layer were carried out by the methods of micro-x-ray spectral
analysis. The results (presented in Fig. 30) show that two maximums
of yttrium distribution in the bulk of the modified layer are revealed.
The second maximum is often corresponds to the ‘interface’ between
the modified layer and bulk of the silumin.

The concentration of yttrium depends on the region of the material
being analysed. The analysis of concentration profiles shown in Fig.
30 is indicative of the fact that inhomogeneity of yttrium distribu-
tion is detected both in the transverse and longitudinal cross-section
of the material, i.e. it indicates a bulk character.

The results of micro-x-ray spectral analysis of the elemental com-
position of silumin foil modified by the complex method are presented
in Fig. 31. It is clearly seen that the thickness of the alloyed layer
that is the layer wherein the presence of the alloying elements (tita-
nium, yttrium, oxygen) are detected is less than 170 um. The princi-
pal elements of the layer are aluminium and titanium. The concen-
tration of other elements varies within the range 1-5 wt.% . As the
distance from the surface of modification increases, the relative con-
tent of titanium and yttrium decreases, the concentration of alumin-
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ium and silicon atoms increases reaching the values typical for silu-
min chemical composition, the concentration of other alloying ele-
ments varies insignificantly.

The micro-x-ray spectral analysis, namely, the method of mapping
[560] enables one to visualize the distribution of the chemical elements
of the modified layer of silumin sample. Figure 32 shows the results
of the investigation into the distribution of titanium, silicon and yt-
trium atoms in the layer =10 um thick adjoining to the surface of the
complex treatment. As seen, the atoms of these elements are distrib-
uted nonuniformly in the surface layer forming the inclusions of dif-
ferent shapes and sizes. It should be stressed that the similar struc-
ture is observed up to 40 um thick in the layer.

The quantitative analysis data of elemental composition of foil’s
region shown in Fig. 32, a, are listed in Table 7.

The layer of the material containing the particles of spherical
shape enriched by Y and O atoms (Fig. 33, the particles are desig-
nated by the arrows) is revealed at a distance of 40—50 pm from the
surface of the complex treatment. The shape of the particles and their
elemental composition enable to suggest that these particles are those
of yttrium oxide powder being nondestructive on electroexplosion al-
loying. The particle sizes vary in the range 50—-1.2 um. The results
of micro-x-ray spectral quantitative analysis of this foil’s region are
contained in Table 8.

Figure 34 shows the results of microdiffraction electron micro-
scopic analysis of silumin surface layer (the surface of modification
is disignated by the arrow in Fig. 34, a). It is seen that the sizes of
crystallites forming the layer of the material under study vary within
the ranges from units to hundreds of nanometers, i.e. the modified
layer is a submicro-nanocrystalline material. The micro-x-ray spectral
analysis of the surface layer of the modified material has shown that
the principal chemical elements of the layer Al, Ti, Si, Cu, and Y
(Fig. 32, Table 7) are contained in a substantially lesser amount. The
results of the dark-field analysis of phase composition of this layer
are presented in Fig. 34, c—f. The microelectron-diffraction pattern
analysis shows that the crystallites of submicron sizes are formed by
the Al-based solid solution (Fig. 34, e). The inclusions of nanoscale
range are formed by the particles of titanium and yttrium aluminides
(Al3Ti and YsAl) as well as titanium silicides (TiSiz).

The results of microdiffraction electron microscopic analysis of the
layer located at a distance of =70 um are presented in Fig. 35.

It is clearly seen that at the given distance from the surface of
modification the silumin structure is presented by the cells of high-
velocity crystallization. The cells’ sizes vary within the range of 0.5—
0.6 um. The microelectron diffraction-pattern analysis (Fig. 35, ¢)
shows that the cells of crystallization are formed by the Al-based
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solid solution (Fig. 35, d). The cells are separated by the interlayers
of the second phase, the transverse sizes of which vary from of 50 to
70 nm. The microdiffraction analysis with the usage of the dark-field
image technique shows that the particles of silicon (Fig. 35, d, ¢) and
the particles of Cus.7Fes3Si compound (Fig. 35, f) are located at the
boundaries of crystallization cells. The results of micro-x-ray spec-
trum analysis presented in Fig. 36 support the possibility of inter-
layer’s formation of the given elemental composition.

Thus, the studies carried out by the methods of scanning and trans-
mission electron diffraction microscopy show that the thickness of
the alloyed layer, i.e. the layer wherein the presence of the alloying
elements (Ti, Y, O) is detected, reaches =170 um. The main elements
of the alloyed layer are Al and Ti. By the method of mapping, the
inhomogeneous distribution of alloying atoms in the modified layer
has been identified. As shown, the electroexplosion processing is ac-
companied with both the alloying of the surface layer with elements
of plasma and the penetration of initial powder particles of yttrium
oxide into the surface layer. As established, the complex treatment
results in the formation of the multiphase submicro-nanoscale state,
where the sizes of crystallites vary from several to hundreds of na-
nometers in silumin surface layer.

3.3. Wear Resistance

The detected transformations of silumin surface layer should have a
substantial effect on the tribological properties of the material. The
performed tests, the results of which are presented in Fig. 37, showed
that the complex surface treatment of silumin results in multiple
increase in wear resistance of the modified layer and decrease in fric-
tion coefficient, i.e. caused by the formation of the multiphase sub-
micro-nanocrystalline state.

Wear parameter (the value inverse to wear resistance of the mate-
rial) depends weakly on the variant of the combined treatment. With
respect to the initial silumin, the 18-20-fold increase of the wear
resistance was detected; in relation to silumin irradiated by intense
pulsed electron beam, the 2.6—2.8-fold increase of the wear resistance
was determined. The friction coefficient is lesser pronounced: it de-
creases by ~1.5 times at the combined treatments (variants 1-3) with
respect to the initial silumin and by ~1.3 times with respect to silu-
min irradiated by intense pulsed electron beam. In case of the 4-th
variant of the combined treatment, the friction coefficient increases
and reaches the value close to that for the initial silumin.

4. Conclusion
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The complex treatment of hypoeutectic silumin surface combining
the electroexplosion alloying with titanium and yttrium oxide and
the subsequent irradiation by intense pulsed electron beam was real-
ized. The investigations are carried out by the methods of state-of-
the-art physical materials science have revealed the formation of the
extended surface layer wherein the concentration of titanium and yt-
trium depends on the regime (mode) of electroexplosion alloying and
on the distance to the surface modification. By the method of map-
ping, the inhomogeneous distribution of alloying atoms in the modi-
fied layer was detected. As established, the electroexplosion pro-
cessing is accompanied with both the alloying of the surface layer
with elements of plasma and the penetration of the initial powder
particles of yttrium oxide into the surface layer. It was determined
that the combined treatment results in the formation of the multi-
phase submicro-nanoscale state, where the sizes of crystallites vary
several to hundreds of nanometers in silumin surface layer. As
shown, the wear resistance of the material depends weakly on the
variant of the combined treatment. With respect to the initial silumin
the wear resistance is 18—20-fold increased; in relation to silumin
irradiated by intense pulsed electron beam, the wear resistance is in-
creased by 2.6—-2.8 times. The friction coefficient varies less pro-
nouncedly: it decreases by ~1.5 times and correspond to variants 1-
3 of the combined treatment with respect to the initial silumin, and
it decreases by ~1.3 times with respect to the silumin irradiated by
intense pulsed electron beam. Under the condition of combined treat-
ment, with corresponds to variant 4, the friction coefficient of the
modified layer is close to the value found for the silumin before the
processing, i.e. in its initial state.
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Table 1. Chemical composition of AK10M2H silumin according to the State
Standard (GOST) 30620-98 in percentage. Al acts as a base component.

Fe, |o: o, | Mn, | Ni, |.. , o o, | Pb, | Mg, | Zn, | Sn, |Impuri-
% Sl’ %o % % Tl’ %o Al’ %o Cu’ % % % % % ties, %
9.5— 0.8— ~84.28—, 0.9—- total
<0.6 10.5 <0.05 1.9 <0.05 36.1 2-2.5|<0.05 1.9 <0.06(<0.01 0.7
Table 2. Electroexplosion alloying modes (regimes) for AK10M2 silumin
No. of Mass of Ti foil, Mass of Y20; pow- Discharge volt-
mode mri, g der, my,, & age, U, kV
1 0.0589 0.0589 2.8
2 0.0589 0.0883 2.6

Table 3. Results of micro-x-ray spectral analysis of the surface areas of silumin
sample. The electron-microscopic image of the sample is presented in Fig. 2.

Area Element (balance Al, wt.%)

Si Ni Cu Fe Mn
1 0.6 13.5 13.3 0.0 0.0
2 8.7 0.3 2.2 0.0 0.0
3 1.7 11.8 14.0 0.0 0.0
4 0.5 0.2 1.3 0.0 0.0
5 22.5 1.1 1.6 1.2 0.0
6 1.1 14.8 15.8 0.5 0.0
7 2.3 17.2 5.2 2.7 0.6

Table 4. Chemical composition (at.% ) of silumin layers located at different
distances (X) from the surface subjected to complex treatment.

X, um Al Si Y 0] Ti Cu Ni Fe
0-10 | 76.03 | 6.77 2.26 1.73 9.1 1.72 0.45 1.94
10-20 | 73.0 7.01 1.99 1.15 | 138.37 | 1.79 0.32 1.36
20-30 | 78.71 | 6.35 2.01 1.0 9.03 1.88 0.29 0.72
30-40 | 72.03 9.0 1.42 0.42 | 10.84 | 3.34 0.8 2.15
40-50 | 70.73 | 8.36 1.59 0.43 14.6 3.7 0.16 0.42
60-70 | 92.87 | 4.88 0.0 0.26 0.06 1.85 0.04 0.04

Table 5. Chemical composition of silumin surface layer (see image in Fig.
14, a) subjected to complex treatment according to variant 2.
[Thin film| Standardless |Standardless | Quantitative analysis |
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Fitting coefficient: 0.1703

Element keV mas.% counts error, % at.%

O | K 0.525 2.30 10875.08 0.11 4.17

Mg | K 1.253 1.13 9213.72 0.20 1.35

Al | K |(Ref.)| 1.486 75.76 626449.69 0.00 81.60
Si | K 1.739 5.01 43060.93 0.05 5.18

Ti | K 4.508 5.14 33403.07 0.06 3.12

Fe | K 6.398 2.49 13508.27 0.16 1.30

Ni | K 7.471 1.07 5163.90 0.48 0.53

Cu | K 8.040 3.33 14151.06 0.19 1.52

Y | K 1.922 3.78 8101.01 0.34 1.23

Total 100.00 100.00

Table 6. Micro-x-ray spectral analysis results of elemental composition of
silumin surface layer according to energy spectra data in Fig. 24.

Thin film|  Standardless  [Standardless Quantitative analysis
Fitting coefficient: 0.1562
Element keV mas. % counts |error, %| at.%
C | K
O | K 0.525 0.58 2635.55 0.43 1.04
Al | K | (Ref.) 1.486 79.97 638973.88| 0.00 85.77
Si | K 1.739 7.29 60603.17 | 0.04 7.52
Ti | K 4.508 3.77 23689.20 | 0.09 2.28
Cr | K 5.411 0.11 640.12 3.62 0.06
Fe | K 6.398 0.61 3193.95 0.68 0.32
Ni | K 7.471 0.75 3484.12 0.69 0.37
Cu | K 8.040 3.41 13998.93 | 0.18 1.55
Y | L 1.922 2.64 5471.45 0.49 0.86
Ag | L 2.984 0.88 1959.87 1.02 0.24
Total 100.00 100.00
Table 7. Micro-x-ray spectral analysis data for foil’s area in Fig. 32, a.
Thin film| Standardless |Standardless Quantitative analysis
Fitting coefficient: 0.1562
Element keV mas. % counts error, % | at.%
O K 0.525 0.83 4759.30 0.21 1.76
Al | K*| (Ref.) | 1.486 52.18 522644.22 0.00 65.51
Si | K 1.739 4.87 50679.33 0.04 5.87
Ti | K" 4.508 28.13 221575.55 0.01 19.89
Cr | K° 5.411 0.26 1928.45 1.07 0.17
Fe | K* 6.398 2.76 18118.30 0.11 1.67
Ni |K* 7.471 0.94 5498.00 0.39 0.54
Cu | K 8.040 5.04 25938.31 0.09 2.68
Y |L° 1.922 4.99 12964.07 0.19 1.90
Total 100.00 100.00

Table 8. Results of micro-x-ray spectral analysis of foil’s region presented
in Fig. 33, a.
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Thin film | Standardless | Standardless Quantitative analysis
Fitting coefficient: 0.1562
Element keV mas.% counts |error, % | at.%
(0] K 0.525 0.87 2498.31 0.23 1.91
Al | K |(Ref.) 1.486 45.17 227359.34| 0.00 59.15
Si K 1.739 3.34 17460.58 | 0.06 4.20
Ti K 4.508 38.24 151318.00, 0.01 28.20
Cr | K 5.411 0.29 1058.59 1.12 0.20
Fe | K 6.398 2.36 7804.34 0.14 1.50
Ni | K 7.471 0.82 2406.36 0.51 0.49
Cu | K 8.040 5.10 13192.37| 0.10 2.83
Y L 1.922 3.82 4985.79 0.28 1.52
Total 100.00 100.00

Fig.—lv:'Silumin structure in the cast st

microscopy (SEM).
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Fig. 2. SEM image of silumin struc-
ture, where the designations show
the areas wherein the micro-x-ray
spectral analysis of elemental com-
position was made.
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Fig. 3. Surface structure of silumin sample subjected to electroexplosion
alloying followed by irradiation with intense pulsed electron beam, where
arrows (b, c¢) designate craters (b) particles of droplet fraction (c).

at.%
39.31
00.62
19.91
01.48
00.86

Fig. 4. Structure (a) and energy spectra (b) obtained via the micro-x-ray
spectral analysis of microdroplet designated (+) in (a). Here, complex modi-
fication corresponds to variant 1.
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Fig. 5. Characteristic electron microscopic image for transverse metallo-
graphic section of silumin subjected to combined treatment including elec-
troexplosion alloying and subsequent irradiation by intense pulsed electron
beam.
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Fig. 6. Dependence of distribution of relative content of elements on distance
from the silumin’s modified layer (SEM method).

Fig. 7. Electron microscopic im-
age of the structure of silumin
surface layer modified within the
framework of variant 1.
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Fig. 8. Concentration of chemical elements (excluding Al) in silumin sub-
jected to complex treatment (variant 1) vs. distance from surface of modifi-
cation (STEM method).

— ":.'32 llm = Ll][]
Fig. 9. Electron microscopic image (a) of silumin surface layer subjected to
complex treatment; b—d — images of foil layer obtained through character-
istic x-ray irradiation of Si (b), Y (¢), and Ti (d) atoms.
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2 um 2 p
Fig. 10. Electron microscopic image (a) of silumin layer located at the dis-
tance of 60—70 um from the surface of modification; b—d — images of foil
layer obtained through characteristic x-ray radiation of Al (b), Si (¢), and
Cu (d) atoms.
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Fig. 11. Electron microscopic image of surface layer structure of silumin
subjected to complex treatment under conditions of variant 1. Here, a, b —
bright fields; ¢ — microelectron diffraction pattern (the reflections in which
dark fields were obtained are designated by arrows: I — d, 2 — e, 3 — f);
d—f — dark fields obtained in reflections [111]Si (d), [101]a-Ti (e), [040]SiY
+ [103]Cu2YSiz + [210]SiTi (f), respectively. Selective diaphragm (b) marks
out the foil area for which microelectron diffraction pattern was observed.
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Fig. 12. Structure of silumin sample subjected to electroexplosion alloying
and subsequent irradiation by intense pulsed electron beam: a, b — structure
of irradiation surface; ¢ — structure of transverse etched metallographic
section. Dark and light arrows designate films and droplets (a, b) located on

the surface of the sample, respectively, and modified layer (c).
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Fig. 13. Structure of silumin subjected to complex modification, where the

layers located on 20 um (a), 40 um (b), 65 um (c), and 80 um (d) from the
surface of treatment are shown.
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Fig. 14. Electron microscopic image of surface layer structure of modified

silumin (a) and images of this layer obtained through characteristic x-ray
radiation of Si (¢), Y (d), and Ti (¢) atoms. Image (b) obtained by superposi-
tion of images (c—e).

1¢ Fig. 15. Concentration of chemical
element (excluding Al) in silumin
(subjected to complex treatment
1> (variant 2) vs. distance from the
|+ surface of modification.
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Fig. 16. Electron microscopic image of the structure of silumin surface layer
subjected to complex treatment (variant 2): a, b — bright fields; ¢ — mi-
croelectron diffraction pattern (the reflection in which the dark field was
obtained is designated by the arrow); d — dark field obtained in reflection
[211]Si. Selective diaphragm (b) marks out the foil area for which the mi-
croelectron diffraction pattern (c¢) was obtained.
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Fig. 17. Electron microscopic image of cellular crystallization structure of
the surface layer of silumin subjected to complex treatment (variant 2); a
— bright field; b —microelectron diffraction pattern, where arrows desig-
nate reflection in which dark fields were obtained (I — ¢, 2 — d); ¢ and d
— dark fields obtained through refection [111]Al (¢) and [111]Si (d).
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Fig. 18. Electron microscopic image of the structure of silumin surface layer
subjected to complex treatment (variant 2): a, b — bright fields; ¢ — mi-
croelectron diffraction pattern, where arrow designates reflection in which
dark field was obtained; d — dark field obtained in reflection [104]a-Ti (d).
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Fig. 19. SEM images of modified surface of siumin processed within the
framework of conditions of variant 3.
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Fig. 20. Structure (a) and corresponding energy spectra (b) obtained by mi-
cro-x-ray spectral analysis.

Fig. 21. Characteristic electron microscopic image of transverse metallo-
graphic section structure subjected to combined treatment (variant 3).

Fig. 22. Thickness distribution of
relative content of Y atoms in he
modified layer of silumin. The re-
sults are obtained via averaging
of data detected by three tracks of
elemental analysis.

3, wt.%
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Fig. 23. TEDM image of the structure of silumin subjected to complex pro-
cessing (variant 3); a — surface layer structure; b — structure of the layer

located at a depth of 20—-30 pm.
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Fig. 24. Energy spectra obtained by the method of micro-x-ray spectral anal-
ysis of silumin surface layer.
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Fig. 25. Electron microscopic image of the structure of alloyed silumin layer
(a), where images b—f are obtained through characteristic x-ray radiation of
Al (b), Si (¢), Ti (d), Y (e), and Cu (f) atoms.
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Fig. 26. Electron microscopic image of silumin surface layer subjected to
complex treatment (variant 3); a — bright field (foil’s region restricted by
selective diaphragm); b — microelectron diffraction pattern corresponding
to bright field; ¢, d — dark fields obtained in reflections [200]AlsCuTiz: and
[B00]AICuY, respectively. Arrows (b) designate reflections in which the dark
fields were obtained: 1 (¢) and 2 (d).
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Fig. 27. Electron microscopic image of silumin surface layer under the com-
plex treatment (variant 3); a, b — bright-fields; ¢ — microelectron diffrac-
tion pattern obtained from the foil region restricted by selective diaphragm
(image of the region is shown in b); d — dark field obtained in reflection
[220]Si designated by arrow in c. Arrows (a) designate interlayers.
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Fig. 29. Characteristic electron microscopic i}ﬁaée of the structure of trans-
verse metallographic section of silumin subjected to combined treatment.

o 20 4 60 80 100 120 140 160 180
T T T T

«

e

70

&0

4%

8- Ja
64 420
44 420
24 o 42 10
L T e s P s v Pl 01 ; 1°

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 160 180
X, um X, um

Fig. 30. Distribution of relative Fig. 31. Dependence of relative
content of Y atoms in the thick- content of chemical elements on
ness of silumin modified layer. distance from surface of modifi-
The results are obtained for three cation of AK10M2H-type silumin.

tracks of elemental analysis.
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Fig. 32. Electron microscopic (bright field) image of the modified silumin
layer adjoining to surface of treatment (a), where upper part of image cor-
responds to surface of modification); b—d — images of the given foil area
obtained in the characteristic x-ray radiation of Ti (b), Si (¢), and Y (d)
atoms.

Fig. 33. Electron microscopic bright-field image of silumin layer located at
distance of 40—50 um from surface of complex treatment (variant 4) (a); b—
d — images of the foil region obtained in characteristic x-ray radiation of
Al (b), Y (¢), and O (d) atoms. Arrows designate yttrium oxide particles.
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Fig. 34. Electron microscopic image of the layer adjoining to the modified
silumin surface: a — bright field; b — microelectron diffraction pattern; c
—f — dark fields obtained in reflections [004]TiSiz (c) [002]Y3Al: (d), [111]Al
(e), and [118]AlsTi (f). Arrows designate surface of modification (a) and
reflections in which dark fields were obtained (b): 1 — ¢, 2 — d, 3 — e, 4
— .
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Fig. 35. Electron microscopic image of the layer located at a distance of ~70
pm from the modified surface: a, b — bright fields; ¢ — microelectron dif-
fraction pattern; d—f — dark fields obtained in reflections [111]Al + [302]Si
(d), [111]Si (e), [111]Cuz.7Fes.3Si (f). Arrows (c) designate reflections in
which dark fields were obtained I — d, 2 — e, 3 — f.
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Fig. 36. Electron microscopic bright-field image of silumi layer located at
a distance of =70 um from the surface of complex treatment (a); b—f —

images of the foil area obtained through characteristic x-ray of Fe (b), Cu
(¢), Y (d), Si (e), and Ti (f) atoms.

60 : . - . J06 Fig. 37. Friction coefficient, p,

. 5ol los & (curve I) and wear resistance
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2 40+ Joa § state of silumin samples: 1 —
§ = 2] ~ cast state, 2 —state after irra-
7 E 103 .ri diation by EBP, 3-6 — states
o 20 loo 5 after treatment combining the
22 40l g electroexplosion alloying and
= 40.1 = irradiation by intense pulsed
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State of material and 6 — variant 4).
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