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CunymuHnvl  3a26MeKmuyYecKo20 cocmaed AGNAIMCA  NePCHeKMUBHbIMU — COBDEMEHHbIMU  MAMepUaramu
WUPOKO2O HA3HAYEHUS (MAUUHOCPOeHUe, asuayus, npubopocmpoerue, meouyurna u m. 0.). Hedocmamxamu
3A98MEKMUYECKUX CUTYMUHOB, CYUWECMBEHHO O2PAHUMUBAIOWUX Cepy UX NpUMEHeHUs, AGIAI0MCcs Nopbl U
paxoeumvl, Kpynuvle (nopsaoka 100 mxm) eKirOueHUs 6MOPvIX a3 NAACMUHUAMOU U U2OabYamou gopmei. B
pe3yavmame GbINOJTHEHHLIX 8 pabome UCCAeO08AHULL NPOOEMOHCTNPUPOBAHA BO3MONCHOCTL (DOPMUPOBAHUs 8
NOBEPXHOCMHOM CA0€ CUTYMUHA CMPYKIMYPHO-(A308b1X COCMOAHUL, pasmep U Mop@onocus Kpucmaiiumos
KOMOPbIX MOJCem YEeNeHANPABIEHHO UBMEHAMbCS 8 Npeoeldx Om O0eciamKo8 MUKPOMEmpo8 00 0eCamKos
Hanomempog. Buisignenvt pesicumol 0bnyuenus, nosgoasiowue boiee yem 8 5 paz nogvlcums MuKpomeepoocms (15
Joc/em?, 150 mxe, 0,3 ¢, 5 umn.) u 6onee uem 6 3 pasa nosvicums usnococmotikocms (50 Hoic/cm?, 150 mxe, 0,3

¢, 5 umn.) cunymuna.
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Hypereutectic silumin composition are promising modern materials of wide application (mechanical engineer-
ing, aviation, instrumentation, medicine, etc.). Disadvantages of hypereutectic silumin, significantly limiting their
scope of application, are pores and cavities, large (about 100 um) inclusions of lamellar and needle-shaped second
phases. As a result of the studies carried out in this work, the possibility of forming structural-phase states in the
surface layer of silumin, the size and morphology of which can purposefully change in the range from tens of mi-
crometers to tens of nanometers, is demonstrated. The irradiation modes that allow more than 5 times to increase
the microhardness (15 J/cm?, 150 ps, 0.3 s, 5 imp.) and more than 3 times to increase the wear resistance (50
Jlem?, 150 ps, 0.3 572, 5 imp.) of silumin were revealed.

Keywords: hypereutectic silumin, pulsed electron beam, structure, wear resistance, hardness.

Introduction

Silumins belong to a class of aluminum-based materials that are widely used in the aerospace industry. Si-
lumin is an alloy of aluminum and silicon.. This alloy is distinguished by its low cost, high corrosion resistance,
and good casting properties. The state diagram of the Al-Si system is eutectic. There are hypoeutectic (<12
wt% Si), eutectic (=12 wt% Si), hypereutectic (> 12 wt% Si) silumins. The structure of hypereutectic silumin is
represented by eutectic, primary silicon grains and intermetallic compounds based on iron, aluminum and sili-
con. Hypereutectic silumin has a number of macro- and microdefects arising during casting and crystallization
of the alloy: pores and cavities caused by high gas saturation. Most often these defects can be corrected either
by using modifying additives or by changing the casting method. Various alloy casting technologies are cur-
rently under development that employ intensive cooling [1], quenching [2], as well as alloying [3-5]. These
methods require costly additives; casting methods have limitations in shape and size.

Irradiation of silumin with a pulsed electron beam makes it possible to modify the structure and properties
of the surface layer without using expensive additives [6-8].In a number of works [9; 10], performed on si-
lumins of eutectic composition, it is shown that the interaction of an electron beam with the surface of metal-
lic materials due to ultrahigh heating and cooling rates forms a multiphase structure of the nano- and submi-
crosize range. This contributes to an increase in hardness and wear resistance, fatigue life and many other
properties of the material.

The aim of this work is to discover and analyze the regularities of the transformation of the structure and
properties of hypereutectic silumin exposed to an intense pulsed electron beam of submillisecond duration of
exposure.

Material and research technique

The study material was silumin of hypereutectic composition (Al-22 wt.% Si) in cast condition. The alloy
was prepared in a shaft-type laboratory electric resistance furnace with silicon carbide heaters in a painted
stainless steel crucible. As a charge, we used commercially pure aluminum A7 (GOST 11069-2001 [11]) and
silicon Kr0 (GOST 2169-69 [12]). The alloy was made without modifying and refining the liquid metal. The
technological process of alloy preparation included the following main operations: loading into the furnace
and melting the calculated amount of aluminum, introducing a silicon sample into liquid aluminum (step-
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wise) and dissolving it, settling the melt, removing slag, pouring. The melt preparation temperature was 800—
850 °C. The melt was poured into a cold aluminum chill mold painted with a fire-resistant paint at a tempera-
ture of 820 °C. To measure the temperature of the melt, a chromel-alumel thermocouple (CA) and a direct
current potentiometer of the PP type (class 0.5) were used. The resulting castings were rectangular plates 55
x 120 x 20 mm in size (excluding feeding head), from which specimens 15 x 15 x 5 mm in size were cut out
for processing with a pulsed electron beam in order to analyze the structural-phase state and properties of
silumin. The samples were irradiated with an intense pulsed electron beam on a “SOLO” setup [13]. Irradia-
tion mode: the energy of accelerated electrons is 18 keV, the energy density of the electron beam is 15-50
Jlcm?, the pulse repetition rate is 0.3 s, the duration of the action of the electron beam is 150 ps, the num-
ber of irradiation pulses is 3; irradiation was carried out in a residual argon atmosphere at a pressure of 0.02
Pa. The irradiation mode was selected according to thermal calculations [14].

The samples were examined by optical (uVizo-MET-221), scanning (SEM-515 Philips) and transmission
(JEM-2100F) electron microscopy. Measuring of microhardness was carried out on the device PMT-3 at a
load on an indenter of 0,2 N. Parameter of wear and coefficient of friction were determined on tribometer
TRIBOtechnic (condition of dry friction at room temperature, counterbody - ball IITX15, diameter 6 mm,
track diameter 4 mm, sample speed 2.5 cm/s, indenter load 10 N, number of revolutions 8000).

Research results and their discussion

The structure of the initial hypereutectic silumin is typical for this group of alloys and is characterized by
the presence of primary silicon grains up to 100 um in size, grains of Al-Si eutectics and inclusions of inter-
metallic phase (Fig. 1).

Puc. 1. CtpykTypa HCXOIHOTO 3a9BTEKTHYECKOIO CHITyMHHA

Fig. 1. Structure of the initial hypereutectic silumin

The micro-X-ray spectral analysis performed by the "point-by-point™ method revealed a substantially het-
erogeneous distribution of the alloy elemental composition. Silicon grains (Fig. 2, @, marked «1»), grains of
Al-Si eutectics (Fig. 2, a, marked «2»), intermetallic inclusions of different element composition and shape
(Fig. 2, 6) were revealed.

Irradiation of silumin with a pulsed electron beam leads to a significant transformation of the structure of the
surface layer of the alloy. Shown in Fig. 3 electron microscopic images illustrate the state of the surface layer of
the alloy irradiated in the regime of partial (Fig. 3, a, 6) and complete (Fig. 3, 6, 2) dissolution of inclusions of
intermetallic compounds and silicon grains. It is clearly seen that in the second case, a homogeneous structure is
formed with crystallite sizes varying within a few micrometers. Irradiation of silumin with a pulsed electron
beam in the indicated range of energy densities does not lead to a significant change in the elemental composi-
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tion of the surface layer; the concentration of alloying and impurity elements varies within the measurement er-
ror.
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Puc. 2. DIeKTPOHHO-MHUKPOCKOITMYECKUE H300paKEHUS CTPYKTYPhI CHIIYMHHA B JIMTOM COCTOSHHUU (d, 6);
SHEPreTUYECKHE CIIEKTPHI (6, 2), MOMYYEHHBIE C YIACTKOB, 0003HAYEHHBIX 3HAUKOM «1)
u mudpoit «1» (a, 6). B Tabnuuax (6, 2), HoKa3aH 3J1€MEHTHBIN COCTaB aHATM3HPYEMBIX
YYaCTKOB CHJIyMHHA

Fig. 2. Electron microscopic images of the structure of silumin in the cast state (a, 6); (6, 2) show the energy
spectra obtained from the areas indicated in (a, ¢) with a “+” and the number ““1”. The tables given
in (6) and () show the elemental composition of the analyzed sections of silumin

The structural-phase state of silumin at the submicro-nanodimensional level was analyzed by transmission
electron microscopy. It was found that the pulse electron-beam treatment leads to a radical transformation of the
structure of the surface layer of silumin. The high-speed mode of heating, melting, crystallization and cooling,
which is realized during pulse electron-beam irradiation [15], leads to the formation of a cellular crystallization
structure in the surface layer of the samples (Fig. 4). The size of crystallization cells varies in the range from 200
to 650 nm. The thickness of the modified layer increases with increasing energy density of the electron beam and
can reach hundreds of micrometers. Along the boundaries of crystallization cells, inclusions of the second phase
are located that form (at an electron beam energy density of up to 30-35 J/cm?) extensive interlayers (Fig. 4, a, 6)
with a thickness of 30-85 nm. At high values of energy density of electron beam in the surface layer of silumin
rounded (globular) particles of the second phase are formed at the borders of cells (Fig. 4, &, arrows indicate the
particles). Size of such particles is 100-180 nm. It is important to note that at the energy densities of the electron
beam not exceeding 20 J/cm?, in the surface layer of silumin, along with cells of high-speed crystallization, there
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are primary inclusions of the second phase, formed in the material during casting (Fig. 4, a, inclusions are desig-
nated by numbers 1 and 2). The sizes of such inclusions can reach tens of micrometers.

Puc. 3. CTpyKTypa 3a3BTeKTHUECKOTO CHIIyMHHA, 00 Ty4eHHOTO HMITYI5CHBIM 2JIEKTPOHHBIM ITyYKOM
(150 mxc, 0,3 ¢t 3 umn): a, 6 — 15 Jix/em?; 6, 2 — 50 Jlx/cm?

Fig. 3. Structure of hypereutectic silumin irradiated with a pulsed electron beam
(150 ps, 0.3 s7%, 3 impulses): a, 6 — 15 J/cm?; 6, 2 — 50 J/cm?

It is obvious that such a significant transformation of silumin structure that takes place during irradiation
with a pulsed electron beam will lead to changes in mechanical and tribological properties of the material.
Indeed, studies of mechanical properties performed by determination of microhardness showed that irradia-
tion of silumin with a pulsed electron beam contributes to hardening of the material (Fig. 5). The best result
providing increase of hardness of samples more than in 5 times in comparison with cast state was reached at
irradiation of silumin by electron beam with energy density of electron beam 15 J/cm?.

Analysis of the structure and phase state of the modified silumin layer gives grounds to conclude that the
main factors providing the revealed multiple increase in the microhardness of the samples are the presence of
partially dissolved inclusions of silicon and intermetallic compounds of the initial state, as well as the for-
mation of crystallization cells that increase the strength of aluminum grains. and Al-Si eutectics. Complete
dissolution of the initial inclusions of the second phase is accompanied by a decrease in the microhardness of
silumin.
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Puc. 4. DnexTpOHHO-MUKPOCKOINYECKOE H300paKEHHE CTPYKTYPBI HOBEPXHOCTHOT'O CIIOS 00Pa3LOB CHIIYMHUHA,
OOJTYYEHHBIX MMITYJIECHBIM 3JIEKTPOHHBIM TTyakoM (150 mkc, 0,3 ¢, 3 umr.): a — 15 ix/cm?; 6 — 25 Tix/em?,
6 — 40 JTx/cm?. Ha (a) nudpamu 0603HaYeHbI BKITIOYEHHs BTOPOii a3kl MUKPOHHBIX pa3sMepOB, 00pa3oBaBIINeCs
B IIPOLIECCE JIUTHSL; Ha (6) CTPEIKaMH yKa3aHbI YaCTUIIBI BTOPOH (ha3kl CYOMHKPOHHBIX pa3MEpOB, 00pa30BaBIIHECs
B pe3yJbTaTe 00JydeHHUs CHITYMHIHA JJICKTPOHHBIM IydKoM. [IpocBeunBaroras aeKTPOHHAs MUKPOCKOIHS

Fig. 4. Electron microscopic image of the structure of the surface layer of silumin samples irradiated with a pulsed electron
beam (150 ps, 0.3 572, 3 pulses): a — 15 J/cm?; 6 — 25 J/cm?, ¢ — 40 J/cm?2. On (a) the numbers indicate inclusions of the second
phase of micron dimensions, formed during the casting process; in (s), arrows indicate
the particles of the second phase of submicron sizes, formed as a result of irradiation of silumin with an electron
beam. Transmission electron microscopy

0 10 20 30 40 50
Es. Jx/cm?

Puc. 5. 3aBUCUMOCTb MUKPOTBEPJOCTH CHIIYMHHA,
00JIy4EHHOT 0 AJIEKTPOHHBIM ITYYKOM, OT IUIOTHOCTH YHEPTHU
mydka 31exTpoHoB (150 Mkc, 3 mmm., 0,3 ¢ )

Fig. 5. Dependence of the microhardness of silumin irradiated
with an electron beam on the energy density
of the electron beam (150 ps, 3 pulses, 0.3 s™)

The microhardness of the modified layer exceeds the microhardness of the cast state by more than 2 times
(Fig. 5).

OO6nydeHne CUIYMHHA CONPOBOXIAETCS CYLIECTBEHHBIM MPE0Opa30BaHUEM TPHOOIOIMYECKUX CBOMCTB
MaTepuaja. YCTaHOBJIEHO, YTO NIPU YBEIMYEHWU IUIOTHOCTH SHEPTUU Iy4yKa SJIEKTPOHOB IPOHCXOAUT
CHIDKEHHE HW3HOoca (TOBBIIIEHHE H3HOCOCTOMKOCTH) (puc. 6, @) W yMmeHblleHHe Kod(dHIMEeHTa TpeHHs
(puc. 6, 6). OcHOBbIBasiCb Ha pe3ylbTaTax CTPYKTYpHO-()a30BOrO aHAJIN3a CHIIyMHHA, PACCMOTPEHHBIX
BBIILIE, MOXKHO 3aKIIOUUTh, YTO YBEIWYEHHUE H3HOCOCTOWKOCTH CHUIYMHHa OOYCIOBIJIEHO, BO-TIEpPBBIX,
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PaCTBOPEHUCM 3CPCH IMEPBUYHOIO0 KPEMHUS, SABJIAOILICT OCA XpyHKOfI (1)&30171, KOTOpasi B Nponecce TPECHUA
BBIKpAIMBACTCA W IMPUBOAUT K OOIMOJIHUTCILHOMY H3HAIIMBAHWIO MaTCpHaa. BO-BTOpLIX, IMOBTOPHBIM
BBIACIICHUEM YaCTHUI]L BTOpOf/i (1)3351 Cy6MI/IKp0- HAaHOPa3sMEPHOr'o Jguaria3oHa. B-Tpe’TLI/IX, (l)OpMI/IpOBaHI/ICM
CTPYKTYPBI SIUEHUCTOM KPUCTAUTH3AINH, YIIPOTHSIONICH 3epHa allOMUHUS 1 9BTeKTHKH Al-Si.

Irradiation of silumin is accompanied by a significant transformation of the tribological properties of the
material. It was found that with an increase in the energy density of the electron beam, there is a decrease in
wear (increase in wear resistance) (Fig. 6, a) and a decrease in the friction coefficient (Fig. 6, 6). Based on
the results of the structural-phase analysis of silumin discussed above, it can be concluded that an increase in
the wear resistance of silumin is due, first, to the dissolution of grains of primary silicon, which is a brittle
phase, which crumbles during friction and leads to additional wear of the material. Second, it is due to the
repeated separation of particles of the second phase of the submicro-nanoscale range and, third, to the for-
mation of a cellular crystallization structure that strengthens the grains of aluminum and Al-Si eutectic.

K. 107 w3 H !

0 10 20 30 40 50 0 10 20 30 40 50
Es, Jbx/cm? Es, Jlx/cm?
a o

Puc. 6. 3aBucumocts napamerpa usHoca (@) u ko3 duuuenra Tperus (6) CHITyMUHa, 00JIy4EHHOTO
MIMITYJTbCHBIM 3JIEKTPOHHBIM IY4KOM, OT IIOTHOCTH SHEPTHH ITyuka 31ekTpoHos (150 mxc, 3 umm., 0,3 ¢ 1)

Fig. 6. Dependence of the wear parameter (a) and the friction coefficient (6) of a silumin
irradiated with a pulsed electron beam on the energy density of the electron beam
(150 ps, 3 pulses, 0.3 s7%)

Ternary systems Al-Cu-Si, Al-Cu-Fe, Al-Fe-Si and Cu-Fe-Si

On the basis of the literature data, an analysis of the structural features of the ternary diagrams of the Al-
Cu-Si, Al-Cu-Fe, Al-Fe-Si and Cu-Fe-Si systems has been carried out.

In the Al-Cu-Si ternary system inside the isothermal triangle, the existence of only one ternary compound
based on the k-phase was found (prototype Mg, Pearson's symbol hP2). A ternary solid solution with a wide
homogeneity region based on Cu (Al, Si) is formed in the region of the copper corner [16; 17]. Also in this
system, the existence of a phase with a noticeable size homogeneity region based on the yi-phase (CusAls), in
which the third component Si is well dissolved, is observed. Only on one side of the Al-Cu isothermal trian-
gle is the formation of ternary compounds with narrow regions of homogeneity based on binary compounds.

In [18] the formation of a ternary solid solution with a wide area of homogeneity based on Cu(Al,Fe) in
the ternary system Al-Cu-Fe in the area of the copper angle was revealed. The B- Fe,CuyAl, (CsCl, cP8) (0 <
x<1 0<y<1, 0,23 <x<0,7) phase occupies a significant area in the isothermal triangle [18; 19]. Also
within the isothermal triangle, the formation of about six ternary compounds has been established: W-
FeCuzAls (prototype Mgz3(Al,Zn)asg, Pearson’s symbol cl62w-FeCuzAl; (Al-CuzFe, tP40), d-FeCuioAlio (8-
NizA', hPS), ‘Ez-FE‘CUzA|7 (A|7CU2F€, tP40), ‘C3-F€CU10A|7 (AI7Cu2Fe, tP40), Ti-F612,5CU25,5A|62
(Mgzs(Al,Zn)ag, cl62). In addition, on the sides of the Al-Cu and Cu-Fe isothermal triangle up to 9 com-
pounds based on binary compounds with small areas of homogeneity are formed [18; 19].
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Basing on the data presented, it can be concluded that in a ternary solid solution with a wide range of ho-
mogeneity based on Cu(Al, Si), good dissolution of the fourth component Fe should occur.

In the Al-Fe-Si ternary system in the Fe region of the isothermal triangle angle, there are two regions of a
ternary solid solution based on a disordered bcc lattice a-(Fe, Al, Si) and on the basis of a disordered fcc lat-
tice y-(Fe, Al, Si) [20-22]. The two-component compound FeSi (P23, cP8) dissolves the third component
Al well and, as a result, an extended region of homogeneity of the ternary compound FeSii_Al, is created. A
characteristic feature of this system inside the isothermal triangle is the formation of about 10 intermetallic
ternary compounds with narrow regions of homogeneity: ti/t1, FesAl:Siz (FesAl:Siz, aP16), 12 y-FeAlsSiz
(mC*), T3, F65A|gSi5 (FeA|zsi, OC128), T4, 6-FeAI38i3 (PdGas, t|24), Ts5, Fe,Al74Si (F62A|7.4Si, hP245), T6, B-
F62A|gSi2 (F62A|98i2, CZ/C), T7,F622A|408i33 (FezA|3Si3, P21/C), T8, F63A|28i4 (F63A|28i4, OC36), T10, F65A|128i3
(Mn3A|1o, hP26)

In the ternary system Cu-Fe-Si, no ternary intermetallic compounds were found inside the isothermal tri-
angle. Only in the region of the Fe angle of the isothermal triangle there is a region of a ternary solid solution
based on a-(Fe,Cu,Si) phase [23].

The presented data show that as a result of high-energy exposure in the mode of high-speed melting in the
surface layer of the alloy under study, it is possible to form a large number of double, ternary (possibly four-
component) compounds based on copper Cu (Al, Si, Fe).

Conclusion

It is shown that irradiation of samples of hypereutectic silumin with a pulsed electron beam makes it pos-
sible, depending on the energy density of the electron beam, to form structural-phase states in the surface
layer, the crystallite size of which can purposefully vary from tens of micrometers to tens of nanometers. The
irradiation mode (15 J/cm?, 150 ps, 0.3 s %, 3 impulses) was revealed, which makes it possible to increase
the hardness of the modified material many times (more than 5 times). It was concluded, based on structural
and phase studies of silumin, that the condition for a multiple increase in the microhardness of samples is the
presence of partially dissolved inclusions of silicon and intermetallic compounds of the initial state, as well
as the formation of crystallization cells that increase the strength of aluminum grains and Al-Si eutectic. It
was found that an increase in the energy density of the electron beam in the range of 15-50 J/cm? (150 ps,
0.3 s, 3 pulses) promotes an increase in wear resistance and a decrease in the friction coefficient of silumin
irradiated with a pulsed electron beam. This is due, firstly, to the dissolution of grains of primary silicon,
which is a brittle phase, which crumbles during friction and leads to additional wear of the material; second-
ly, to the repeated separation of particles of the second phase of the submicro-nanoscale range and, thirdly, to
the formation of a cellular crystallization structure that strengthens the grains of aluminum and Al-Si eutec-
tic.
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