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Puc. 5. Mukpoctpykrypa ctaiu Y 12 mocie 3JieKTpOHHO-Iy4eBOro 00poaTuTUPOBAHHUS

a — B 30He chepuuecknx U poMONUecKkux (IPU3MATHYECKNX) KPUCTAIIIOB; O — B 30HE 3a9BTEKTHYECKOIO COCTABA;
6 — B 30HE C IPEUMYIIECTBEHHBIM 3BTEKTHUECKUM COCTaBOM

Fig. 5. The microstructure of steel U12 after electron beam boroaluminizing in:

a — spherical and thombic (prism) crystals; 6 — area of hypereutectic composition; 6 — area of eutectic composition

C IPEUMYIIECTBEHHBIM IBTEKTHUYECKHM COCTABOM C
MUKpoTBepaocThio 412 HV (puc. 5, 6).
Heo0xonumMo oTMETHTD, UTO B OTIMYHUE OT «UH-
CTOro» OOpUpPOBaHMS HBTEKTUKA IOCIE JBYXKOM-
MIOHEHTHOTI'O JIETUPOBAaHUS CcoaepkuT 2.67 macc.%
aJTIOMUHMS B BepxHel 30He. [lo mepe ynanenus ot
MOBEPXHOCTH KOHILIEHTPAIUS aTIOMUHUSI CHUXKACTCS
(tabm. 2). IIpu sTOM coneprkanue Oopa B IBTEKTUKE
3HAUUTENILHO HE U3MEHSETCS B 3aBUCIMOCTH OT IITy-
OMHBI CJI05 32 UCKJIFOYEHHEM BEpXHEH 30HBI, T/ Ha-
OmromaeTcsl IOHMKEHHOE cofiep)kaHne O0opa, paBHOE
1.86 macc.%. Takum 0O6pa3oM, IBTEKTHKA MPEICTaB-
JsieT co00l MEXaHUYECKYI0 CMECh TBEPIOTO PACTBO-
pa 6opa u amomunus B o—Fe u 6opuya xenesa Fe,B.

Ilocnedoeamenvnocme ghopmuposanus
YRPOUHAIOWUX (ha3 npu I1eKMPOHHO-TIYUeE0M
Oopupoeanuu u dopoanumuposanuu

N3BecTHO, YTO mpU TpaAULIMOHHOM OOpHpPOBa-
HUK dopmupoBanue TUQPPY3UNOHHOTO CJIOS HaAuU-
HaeTcsl ¢ 00pa3oBaHUs TBEP/BIX PACTBOPOB, MOCIE
HACBILIEHUS KOTOPBIX 00pa3ylOTCs epBhIE YUaCTKH
6opuna Fe,B. 3arem non Bo3nelCTBHEM MOCTOSH-
HOM TeMmeparypbl M aKTUBHOCTH HACHIIIAIOLICH
Cpebl KOHIIGHTpaIUs aTOMOB 00opa B MecTax (pyk-
Tyalii OKa3bIBaCTCS JOCTATOYHOM i 00pa3oBa-
Hus 6opuna FeB [13].
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[TocnenoBarenbHOCTh  CTPYKTYpPOOOpa3OBaHUS
CJIOSl TIPU 3JEKTPOHHO-TYy4eBOM OOpPHpPOBAHHUHU Iie-
Jecoo0pa3Ho paccMaTpuBaTh C MOMOIIBIO TUarpaM-
MBI COCTOSTHUS <CKene30—0op» (puc. 6). KoHien-
Tpaiusi O6opa IJIaBHO CHIDKAETCS OT 00IydaeMoi
MOBEPXHOCTH K cepiaueBuHe oOpasuoB. CornacHo
3TOMY KaXKIYIO 30HY CJOSi MOXHO paccMaTpuUBaTh
KaK CIUIaB C ONpeAeICHHbIM COCTaBOM B OMHApHOI
nuarpamme Fe—B. B BepxHneit 30ne (30Ha A) 0Opa-
OaTpIBa€MOro MarepHalia KpUcTajIu3alus Mpouc-
XOIMT IO KPUBOM oxJiaxkJaeHus crviasa [. B touke 1
W3 JKUIKOCTU BBIMAAAIOT TEPBUYHBIE KPUCTAJUIbI
o6opuna FeB. B Toukax 2-2 C B pesynbrare B3auMo-
JnencTBuA xkuakoctd U FeB mpoucxonut neputek-
tnyeckoe npespamenue L + FeB — Fe,B, Bcnen-
CTBHE KOTOPOTO TMPOUCXOIUT 0Opa3oBaHUE OOpuaa
Fe,B [14]. B 30He B, rie koHLEHTpaLus 6opa HIKe,
KpUCTAIM3alMUsg TPOUCXOIUT MO KPUBOM OXJIax-
nenusi crutaBa Il [Ipu oxmjaxaeHWH KUJIKOCTH B
Touke | BBIACIAIOTCS KPHUCTAUIBI OOpHUIIOB Fe,B.
B Toukax 2—2 C mpoXoIUT 3BTEKTHUYECKAS PEAKIHS.
B pesynbrare kpuctamnuzanus cruiasa [l mpuBoaut
K (OpMHUPOBAHUIO 3a3BTEKTUYECKON CTPYKTYPBHI,
cocrosen u3 6opunos Fe B n serextuxu. Ctpyk-
Typa 3BTeKTHUYecKoro tumna ¢popmupyetcs B 30He C,
rJe KpUCTAIU3alUsl MMPOUCXOIUT MO KPUBOU OX-
naxaeHus criasa III. DBTekTHKa B TaHHOM Cilydae
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Tabnuma 2
Table 2

CocTaB IBTeKTHKH B Pa3JTHYHBIX 30HAX CJIOS MOCJIE IJTeKTPOHHO-JIYYeBOro 00poaIMTHPOBAHUS

The eutectic composition in various areas of the layer after electron-beam boroaluminizing

Copepxanue 31eMeHTOB B Macc.%
3ona ciost / Layer area Ratio of the elements, mass.% Wror /
Total
B Al Fe
30Ha chepruIecKux U pOMOUIECKUX
(MpU3MaTHYECKMX ) KPUCTAIIIOB / 1.86 2.67 95.47 100.00
Area of spherical and rhombic (prism) crystals
3oHa 39BTEKTHHECKOTO COCTaBA / ’9 0.82 96.28 100.00
Area of hypereutectic composition
30Ha ¢ MPEUMYIECTBEHHBIM 3BTCKTUYCSCKIM
COCTaBOM / 2.68 0.36 96.96 100.00
Area of mainly eutectic composition
B, at. %
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Puc. 6. lnarpamma cocrosinus cuctemsl Fe—B [13] ¢ kpuBbiMu oxnaxaeHus criaBoB [-111, HanoxxeHHbIMH Ha cxemy
OOpUPOBAHHOTO CIIOS

Fig. 6. Fe-B binary diagram [13] with the cooling curves of alloys I-III applied on scheme of boronized layer profile

MpeacTaBisieT cO00i MeXaHMUeCKYI0 cMech Y-(hasbl
(mpu 912...1177 °C) unu a-dassl (Hmwke 912 °C) u
oopuna Fe,B.

CormacHo AmarpamMme «xene3o—0op» mporecc
KPUCTAJUIM3alUA B 30HE A HAYMHAETCs C Bblaelie-
Husg FeB B Buae nepBUYHBIX KPUCTALIOB. 3aTeM
B pe3ysbTare MEPUTEKTUYECKON peaklnu Mpouc-
xonut obpaszoBanue F ezB. B mnonbp3y Takou mo-
CJIEIOBATEIbHOCTH CTPYKTYpOOOpa30BaHUs MPHU
ANIEKTPOHHO-TTY4eBOM OOPHPOBAHUU TOBOPUT TEOPUS
SBTEKTUYECKON Kpuctammm3aiuu A.A. bousapa [15].

ComnacHO JaHHOW TEOPUM KpUCTAJUIM3ALUs Hauu-
HaeTcs C BBIJACJICHUS OJHOM U3 (a3, ABIIoNeics
6a30Boii U obnanatomieil 0oee CIOKHONW KpHCTa-
JIOXMMHYECKOH npuponoil. Jlanee B mpouecce Kpu-
CTAJUTM3ALIUHU TPOUCXOAUT OTIOKEHHE BTOPO (ha3bl
Ha TpaHax 0a30BOW 3a cYeT MOBEPXHOCTHOIO Ha-
TSOKEHUS Ha rpaHuie 0a3oBoi (asbl ¢ pacmiaBoM
[16]. MonoGopua sxene3a C HaTUYUEM BBICOKO-
IIPOYHBIX CBA3EH KOBAaJEHTHOI'O TUIIA KPUCTAJUIOXHU-
MHUYECKH 00Jiee CIIOKEH M0 CPaBHEHUIO ¢ OOpUIOM
Fe,B. IlepBuuHbic KpUCTAIIbI YCIIEBAIOT BBHIPACTH
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JI0 OTIPEeNIEHHOTO pa3Mepa, MPexkie YeM Ha UX T0-
BEPXHOCTH 0o0pa3yercs JIeHIpUTHas 000I04Ka BTO-
poii ¢a3sbl.

Monobopun xeneza FeB kpucrammsyercs B
BUJIE POMOMYECKUX U TPU3MATHUYECKHX KPHCTa-
JIOB, HAa KOTOPBIX 3apoxaaercsa Fe B B Bune okpy-
mIbIX 1eHapuToB. Tak, kpucrann FeB okaseiBaeTcs
3aKJIIOYEHHBIM B 00010uKy m3 Fe,B Kxak cHapyxwu,
Tak U BHYTpH. SIBeHUE (POPMHUPOBAHUS «IIOIBIX)»
MpU3MAaTUYECKUX U poMOnueckux kpucramioB FeB
WM KPUCTAIJIOB C HETOCTPOSHHBIMU TPAHSIMHU MO-
XKET OBITh OOBSICHEHO TeM, 4TO (hOPMHpPOBaHUE 0O-
punoB FeB HaunHaeTcs ¢ rpaHed ¢ Mocienyromei
KpUCTAJTU3allMe BHYTpPEeHHUX oOnacteid. Ecmum
conepkaHue O60pa OKas3bIBAETCS JOCTATOYHBIM, TO
dbopMupyeTcsi MOHOJIUTHBIA KpUCTAT OopHuaa xe-
ne3a FeB. Ecnm sxke 60pa HerocTaTouHO 117151 00pas3o-
Banus FeB, obpasyercsa 6opun Fe,B B Buzne chepu-
YecKoro kpuctaia B eHTpe 6opuaa FeB. Ocrarku
KHUJKOCTH TPH OXJKICHUM KPUCTAIUIU3YIOTCS B
BH/JIC IBTEKTUKH (puC. 7).

[IpennoxkeHHas MOCIEA0BATENbHOCTh (HOpMHU-
POBaHUS CJOS TPU AIEKTPOHHO-ITy4YEBOM OOpUPO-
BaHUU TaKXKE CIpaBeIJIMBa U AJIS SJIEKTPOHHO-IIY-
4eBoro OopoaduThpoBaHus. EIMHCTBEHHBIM HX
OTJIIMYMEM SIBJISIETCSl cOocTaB ABTeKTUKU. CornacHo
TpoitHOM nauarpamme cocrosiHusi Fe—B—Al ona co-
crouTt u3 (asel Fe,B u TBepabIX pacTBOPOB amoMu-
HuUs 1 6opa B xenese [17, 18].

MukpocTpykTypy OOpPHUpPOBAaHHOTO CJIOSI TIO-
CcJie DJIEKTPOHHO-TYYeBOT0 HarpeBa CUMTaroT Oolee
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MPEINOYTUTENFHOM, YeM MHUKPOCTPYKTYpPY CIOS,
MOJyYEHHOTO TPAJUIIMOHHON 00palboTKOM ¢ meu-
HbIM HarpeBoM (Iuddy3uoHHBIM OOPHPOBAHUEM).
Crnou nocne Takoit 00paboTKH, KaK MpaBUIIo, UMe-
IOT UTOJIBYATOE CTpOEeHHE U cocTosT u3 FeB Ha mo-
BEPXHOCTH CJIOSl M PACIIONIOKEHHBIM 1071 HUM Fe,B
[13, 19-22]. Takoe cTpoeHHe 0OYCIOBIUBACT PSII
CYUIECTBEHHBIX HEIOCTATKOB, OCHOBHBIM U3 KOTO-
PBIX SIBIISETCSA «CTYyNEHYaTOe» M3MEHEHHE MUKPO-
TBEPAOCTU IO IIIyOMHE CJOS, BCJIEICTBUE YEro
MIPOMCXOTUT CKOJ OoJiee TBEpAOW U XpynKon (hazbl
FeB B nmpornecce skcryaranuu aetaneid. Hanuuue
CTPYKTYpBI CIl0sl, B KoTopoii 6opunel FeB u Fe,B
pacnpezieieHbl PaBHOMEPHO, TOJIKHO MPUBOIUTH K
MOBBIIEHUIO U3HOCOCTOMKOCTU. ITO 0OYCIIOBIEHO
TEM, YTO BSI3Kasi MaTPHIIA, COCTOSIIASI U3 IBTEKTH-
KH, OyZIeT yep:KuBaTh TBEpAble OOpUIHBIE BKIIOUE-
HUSl, HE IOMYCKAIOIINE UX XPYIKOTO pa3pylIeHUs C
MOCJIEYIOIIUM BBIKPAIIMBAHUEM.

B ciywae ¢ 60poanuTHpoBaHHEM aTFOMUHUIBI
MIEPEMEHHOT0 COCTaBa BMECTE C IBTEKTHKOW 00e-
CrieYyuBaIH Obl TUIACTUYHOCTD, & OOPHUIBI U ATIOMU-
HUJIBI C TIOCTOSIHHBIM COCTAaBOM — U3HOCOCTOMKOCTh
U YKapOCTOMKOCTh IO BCEHl ITyOMHE CIIOSI COOTBET-
CTBEHHO.

BriBoabl

1. B otinuue ot TpaauuoHHoro (auddy3uoH-
HOTro) OOpHpOBaHUs, I7Ie MepBUYHON (ha30i sABIs-
erca Fe,B, mpu anekrponHo-myyeBoM GopupoBa-

Kunpokas
~ hasa

—_1/_3

BN __—@z
- J7>Fes 5

: = —OBTEKTUKA

- FeB —~FeB

SFe,B NFeB

Puc. 7. Cxema KpUCTaJUIM3aLUH IIPH SJIEKTPOHHO-Iy4€BOM OOPHUPOBAHUH:

a — BBIZICTICHHE TIepBUYHBIX KprcTaioB FeB; 6 — obpasosanme o6oakos Fe,B Bokpyr kpucramios FeB; 6 — koHeuHast CTpyKTypa,
cocrosmias u3 kpucrawioB FeB npusmarndeckoii (pomOmaeckoit) hopmsl, kpuctamuioB Fe,B cheprudeckoii hopmbl i 3BTEKTHKI

Fig. 7. The scheme of crystallization under electron beam boronizing:

a — FeB primary crystallization; 6 — development of Fe,B rims around FeB crystals; 6 — the final structure: rhombic (prism) FeB
crystals, rounded Fe,B crystals and eutectic system
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HUU 3apoxkaaronieil ¢as3oi sBIsIeTCS MOHOOOPHUT
xkenesa FeB.

2.1Ipu  SNEKTPOHHO-IYYEeBOM OOpPUPOBAHUU
¢da3bl B OBEPXHOCTHOU 30HE cliost (30He A) oOpa-
3YIOTCSI B COOTBETCTBHH C JUATPAMMOM COCTOSTHUS
Fe-B. Ilpuuem monoOopun xene3a FeB kpucran-
JU3YeTCs B BUJE KPUCTAIIOB MPU3MATUYECKON U
poMOudeckoil (HOpMBI, Ha KOTOPBIX 3apOKIaeTCs
FeZB B BUJIE OKPYIJIBIX AEHPUTOB, 4 OCTATKH KU~
KOCTH KPUCTAJIU3YIOTCSI B BUIE IBTEKTHKHU IJia-
crunyaroro tuna (a-pasat+Fe,B).

3. Ilpumenenne mactel ans auddy3znoHHOTO
OOpOANMTHPOBAHUS C TIEYHBIM HArpeBOM ISl TIPO-
1ecca 31eKTPOHHO-TY4YeBOT0 JISTUPOBAHUS OOPOM U
ATIOMUHHEM HE TPUBOAUT K (POPMUPOBAHUIO AJTIO-
MUHHUJIOB KeJe3a.
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Introduction. Boronizing and boroaluminizing are effective methods used to improve the surface properties
of machine parts and tools. However, its application in industrial production is often restricted. High brittleness
of boronized and boroaluminized layers is one of the restraining factors. Conventional methods of boronizing and
boroaluminizing with furnace heating are aimed at the formation of needle and layered structured layers respectively.
As arule, the hardest and most brittle phases are formed on top of these layers, such as FeB and Fe,Al;. The purpose
of the work: to study the phase formation sequence in boronized and boroaluminized layers obtained after electron
beam treatment in vacuum on the surface of carbon steels. The methods of investigation. Alloying with either boron
carbide (electron beam boronizing) or boron carbide and aluminum (electron beam boroaluminizing) is applied.
Different modes of electron beam processing are tested: accelerating voltage, beam current and irradiation time.
Microstructure, microhardness, element and phase composition of obtained layers are investigated. Results and
Discussion. It is established that the phase formation at electron beam alloying with boron carbide occurs according
to diagram Fe-B, where iron monoboride FeB is the nucleate phase. FeB iron monoboride crystallizes in the form
of thombic and prismatic crystals and Fe,B appears in the form of rounded dendrites. Thus, FeB crystals come
out as being enclosed into Fe,B shells. The remaining liquid crystallizes as a eutectic system during cooling. This
pattern formation of layer is also valid for the electron beam boroaluminizing. The only difference is the eutectic’s
composition, which consists of Fe,B phase and solid solutions of aluminum and boron in a-Fe. Generally, the
microstructure of obtained layer after electron beam treatment is more preferable than the ones after conventional
treatment with furnace heating. The layer structure with hard and brittle FeB surrounded by Fe,B and eutectic lead
to an increase in its mechanical properties.

For citation: Mishigdorzhiyn U.L., Sizov 1.G., Polaynsky I.P. Formation of coatings based on boron and aluminum on the surface of carbon
steels by electron beam alloying. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2018,
vol. 20, no. 2, pp. 87-99. doi: 10.17212/1994-6309-2018-20.2-87-99. (In Russian).
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