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B pabote paccMoTpeH BOnNpoc ¢OpMMPOBaHUSA CTPYKTYpPbl MOPOLUKOBbIX kKomnakToB MX13M2-BN, nony-
YeHHbIX TBepAodasHbiM BcnekaHueM. lNpeacTaB/ieHbl MeXaHU3Mbl GpOPMMPOBAHUS HAHOAMUCTEPCHbIX
npocioek BN no rpaHuuam 3epeH KOMNakToB U peHoMeHonormyeckass moaens popMmpoBaHus obna-
CTel C NOBbILLIEHHOW KOHLeHTpaLuen KepaMmMyecknx 4actuu, B o6beme matepuana.

This paper considers formation of PCh13M2-BN powder compact structure obtained by solid-
phase sintering. The mechanism of the formation of nanodispersed BN interlayers along the
grain boundaries of compacts and a phenomenological model of the formation of regions with

the increased concentration of ceramic particles in the bulk of the material are presented.

BBEAEHUE
BoIpoCHl MOBBINIEHUS HAEKHOCTH, CTAabUIBHO-
CTHU 1 3KOHOMHYHOCTH IaPOBBIX TYPOUH pasauny-
HOM MOIIHOCTH HEPa3PhIBHO CBSA3AHBI C IPUMeEHSsIe-
MBIMH B HX KOHCTPYKIHSIX TUIIAMH YIJIOTHEHHUH [1, 2].
HaKoIIeHHBIH MHPOBOH OIIBIT 3KCIIIyaTALMHU [apo-
BBIX TYPOHH C COTOBBIMH, LIETOYHBIMH YIUIOTHEHUSIMHU
U YIUIOTHEHHUSIMU, HAHOCHUMBIMH Ta30TEPMUYECKUM
HaIlblIEHHEM, CBH/ETeTbCTBYeT 0 He0OX0QUMOCTH
pa3paboTKU HOBOTO KJIACcCa UCTHPAEMBIX MATEPHATIOB
Ha MeTaJIMYeCKON OCHOBe C JUCIIEePCHBIMHU H06aB-
KaMH COeIMHEHU I, OTHOCSIIUXCS K KATETOPUH TBEP-
nou cmasku (MoS,, BaF,, CaF,, h-BN u np.) [3-10]. Ilpu
3TOM Haubosiee epCreKTUBHBIM [I0[X0I0M PaBHOMEP-
HOTO BBeJIEHUSI AUCIIEPCHBIX H06aBOK B 065eM PpopMU-
PYEMBIX U3/IeTHH SBISETCS UCIIOIb30BaHUE TEXHOJIO-
T'HH [IOPOIIKOBOI METAJUIyPryH.

U3 Bcero pa3Hoo6pasusi HeMeTa/IMUeCKUX COeIH-
HEHHUM, OTHOCSIIUXCSI K TBEPAOK CMa3Ke, XOPOLUIUMHU

CMa3bIBAIOIIMMH CIIOCOOHOCTSIMH B YCJIOBHSIX ITOBBIIIEH-
HO BJIaYKHOCTH U BO3MOSKHOCTBIO ITPUMeHEeHH s B UHTep-
BaJle TeMriepatyp zio 700 °C obnazaer h-BN (11, 12].
H3BecTHbI paboThl [13-18], B KOTOPBIX ABTOPHI OLle-
HUBAJIU BIHSIHHe KOHLIEHTPALlUU [eKCaTOHa/IbHOIO
HUTpHJA 60pa Ha MexaHHYecKHe U TpUboIoruyeckye
CBOMCTBA KOMITO3UIJMOHHBIX MaTepHaJjIOB Ha pas3any-
HOI OCHOBe. YCTaHOBJIEHO, YTO BBeJleHHe HUTPHUAA
bopa B COCTaB MaTepHaIOB IPUBOAUT K CHUKEHHUIO
TPeHUsI IPH BBICOKUX HarpPy3Kax U CKOpocTsx [13-15,
17], h-BN obamaeT HU3KOM a[re3r0OHHON B3aUMOCBS-
3bI0 C MaTpHUIeH [15], ero cMa3pIBaroNIast ClIocCOBHOCTH
HMKe, 4eM y rpaduTa, BCaeICTBHe O0JbIIIek 10 Beu-
4YMHe cujle BaH-ep-Baanbca MeXXy CJIOSIMU KPUCTA-
nuyecKo permeTkHu (16, 18]. B psige pabor [1, 19] mpu-
BOJSTCS CBeJIEHU S O JOCTH KeHHUU YHHUKAIBHOIO cove-
TaHHS MeXaHUYeCKUX U SKCIIIyaTalluOHHBIX CBOKCTB
KOMITO3HULIMOHHBIX MAaTEPHUAJIOB C [0OAaBKAaMU HUTPHIA
6opa, o3BONSIONIME PACCMATPUBATh UX B KayecTBe
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NANOMATERIALS

MaTepHasa YIUIOTHEHUH /151 IIPOTOYHOM YacTH I1apo-
BBIX TYPOHH.

OnHaKo BOIIPOCH POPMUPOBAHHUS CTPYKTYPhl KOMIIO-
3ULIMOHHBIX MaTepPHaJIOB C JobaBKaMu h-BN u ee B3au-
MOCBS$I3b C 9KCIUTyaTallMIOHHBIMH CBOMICTBAMH OCTAIOTCS
He BIIOJIHE H3yYeHHBIMH U SIBJISIOTCS IIPeMeTOM 06Cy K-
IeHUsI CPe[Iy YUeHBIX.

MATEPVAN U METOAUKA UCCNELOBAHWUH
Kax 651710 OTMeUeHO BbIIIe, pa3paboTKa KOMIIO3UITHOH-
HOr0 MaTepuasa ¢ fobaBkaMu HUTpHUAA 6opa Hampas-
JIeHa Ha I10C/leIyIolllee ero IIpPUMeHeHHe B KOHCTPYKIIUSX
HCTUPaeMBbIX YIUIOTHEHUH MapoBbIX TypOuH. C yueToM
yC/I0BHM paboThl TAKUX YIUIOTHEHHH [/ MaTepHasa
OCHOBBI BBIOpaH IIOPOIIOK KOPPO3HOHHO-CTOMKOM CTIH
Fe-13%Cr-2%Mo ¢ ¢pakLHMOHHOCTBIO 0T 10 1o 80 MKM,
IIOJIy4YeHHBIN B cOOTBeTCTBUHU ¢ [OCT 13084-84. B Kaue-
CTBe NUCIIEPCHOIO HAIOMHUTeNs 6bT BRIOpaH MOpPO-
IIIOK FeKCAarOHAJIBHOrO HUTpHUZA 6opa BN, H3roToBIeH-
HBIN 110 TY.Y 26.8-00222226-007-2003. IiaMeTp 4aCTHI]
HUTPHUA 6opa cocTtaBasa oT 1 go 10 MKM, TOJIIHHA
yactul ot 0,7 10 2 MKM.

H3ydyeHHe BIHSHHSA KOHLEHTPALHUU IIOPOIIKa BN
B MCXO/IHOH IIOPOIIKOBOM LIMXTe Ha Ipoliecc GOPMHUPO-
BaHUS CTPYKTYPbl KOMIIAKTOB IIPOBOAKJIOCH Ha 06pasLiax
C/Ie[lyIOIero COCTaBa:
« CoctaB "1" - mpeccoBaHHbIe 3aTOTOBKH M3 YHCTOTO

ropomka ITX13M2;
+ Coctas 2" - moporuok I1X13M2 +0,5% BN;
 CoctaB "3" - mopormmok [TX13M2 +1 % BN;
 CoctaB 4" - noporuok I[TX13M2 +2% BN;
 Cocrtas"5" - mopommok ITX13M2 +4% BN;

INTRODUCTION

 CoctaB "6" - mopomIok ITX13M2 +4,5% BN;
 CoctaB 7" - mopormok [1X13M2 +5% BN;
 CoctaB "8" - mopormok I[1X13M2 +6% BN.
HcxomHble ITOPOLIKOBBIE KOMITOHEHTHI CMEIIHBaIHCh
U [I0[IBEPra/IKCh TIIATEIBHOMY ITepeMelInBaHKIO. BpeMs
repeMenIMBaHUs COCTABOB OIIPeeJIsIOCh OIBITHBIM
IIyTeM M3 YCI0BHSA PABHOMEPHOI'O pacrpeeieH s KOM-
IIOHEHTOB 10 06beMy MHKXTHI. [1o/lyuyeHHas IOPONIKOBasI
CMeCh II0/IBePrajaach X0JIOLHOMY IIPeCCOBAHMIO B GOPMBI
IIPAMOYTo/bHOro ceueHus 50x10x10 MM, CIrlekaHHe KOM-
[TaKTOB IIPOBOJ /I B 3/IeKTPOIleYax B BO3AYIIHON aTMOC-
depe nipu TeMmnepaType 1200 °C. Bpems CrileKaHUA 2 4.
MHUKpOCTPYKTYypa 06pa3LioB HM3ydanack Ha PacTpo-
BOM 3JIeKTPOHHOM MHKpOCKoIie J[SM-6490LV u Tescan
Lira 3. Komr4ecTBeHHBIM aHA/IN3 ITPOBOJHIIH C MCII0Ib30-
BaHHeM CTaHJAPTHBIX MeTOAMK 0bcyeTa.

PE3Y/IbTATDI

Ha puc.1 mpezicTaB/ieHa MUKPOCTPYKTYpPa KOMIIO3HUIIKOH-
HBIX KOMIIAKTOB C Pa3/TMYHBIM COflep>KaHHeM HUTPHA
6opa. Ha monrupoBaHHOM [IOBEPXHOCTH BCeX HCCTIefye-
MBIX 06pas3110B Hab/M0JA0TCS TIOPhI Pa3TMYHON GOPMEL
Y pa3MepoB. B CTpyKType KoMIakTa 6e3 HUTpua 6opa
(puc.1a) mopel KMeEIOT I106YIIIpHYI0 GOPMY U IIperMyIle-
CTBEHHO PacCIIOIOKeHBI I10 'PAaHULIAM 3ePeH, YTO CBUIe-
Te/IbCTBYET O HeJJOCTATOYHOCTH ITPUKJIAABIBAEMOTO YCH-
JIMSI TIPK ITPeCCOBAHUH 11 QOPMHPOBAHHUSI HoIee IJI0T-
HOM CTPYKTYPBI, BCIEACTBHE BOSHUKHOBEHMUS H0/TBIION
I10 Be/IMYMHe CHJIBI TPeHHUS MEXY MeTal/Tu4eCKUMHU
YacTUIIAMHU U, KaK C/Ie[CTBHEe, OTPAaHUYeHHOCTH IIPO-
TeKaHHUS IpoLeccoB JUGOY3UU IIPHU IOC/IeAYIOIeM
CIIeKaHMH.

established that the introduction of

The higher reliability, stability and
efficiency of steam turbines of vari-
ous capacities are inextricably linked
with the types of seals used in their
designs [1, 2]. The accumulated world
experience in operation of steam tur-
bines with honeycomb and brush
seals and seals applied by ther-
mal spraying indicates the need to
develop a new class of abrasive metal-
based materials with dispersed addi-
tives of compounds belonging to the
category of solid lubricants (MoS,,
BaF, CaF, h-BN and others ) [3-10].
At the same time, the most prom-
ising approach for the uniform

introduction of dispersed additives
into the volume of the formed prod-
ucts is the use of powder metallurgy
technology.

Of the whole variety of non-metal-
lic compounds related to solid lubri-
cants, h-BN possesses good lubric-
ity under conditions of high humid-
ity and a possibility of application in
the temperature range up to 700 °C
11, 12).

Known are the works [13-18] where
the authors evaluated the effect of
concentration of hexagonal boron
nitride on the mechanical and tribo-
logical properties of composite mate-
rials on different bases. It has been

boron nitride into the composition of
materials leads to decreasing of fric-
tion at high loads and speeds [13-15,
17], h-BN has a low adhesive relation-
ship with the matrix [15], its lubric-
ity is lower than that of graphite,
due to the higher van der Waals force
between the layers of the crystal lat-
tice (16, 18]. A number of works [1, 19]
provide information on achievement
of a unique combination of mechani-
cal and operational properties of com-
posite materials with boron nitride
additives, allowing them to be con-
sidered as a sealant for the flow path
of steam turbines.
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Puc.1. Mukpocmpyxkmypa uccaedyembix KOMNAaKmoe ¢ pasAuYHbIM codepykaHuem Humpuda bopa: a-0% BN; b-1% BN, c—4% BN, d - 6% BN
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Fig.1. Microstructure of the studied compacts with different content of boron nitride: a— 0% BN; b-1% BN; c - 4% BN; d - 6% BN

BBeleHMe B COCTaB UCXOLHOM IIKUXTBI HUTPHAA 6opa
MPHUBOIUT K POPMHPOBAHHUIO B MUKPOCTPYKType IIpo-
TSKeHHBIX 3epHOrPaHUYHBIX mop (puc.1b, ¢, d), mpu-
YeM 4YeM BBIIIe COflep>kaHKe HUTpH/a 6opa, Tem 6orbiie
obbeMHast 071 U pa3Mep Iop. MexaHH3M 06pa3oBaHUS
HabI0JaeMBbIX IIPOTSIKEHHBIX 3epHOIPAHUYHBIX IIOP
OT/IMYeH OT K/IACCHYeCKOro IIpe/ICTaB/IeH 1, OIIMCAHHOIO
B paboTax (20-23]. BBHAY pa3IMuHOIM HACBIITHOM IJIOTHO-
CTH y MeTaJl/In4yecKoro mopoiika ITIXI3M2 u HUTpUza
6opa, 06beM 3aMeIIMBaeMBIX KOMIIOHEHTOB B IIHXTe
corocTaBuM. C y4eTOM 3TOr0, B COBOKYIITHOCTH C XMMHU-
YeCKOH MHEPTHOCTBIO M HH3KOM a/ITe3HOHHOK CII0COOHO-
CTBIO HUTpH/IA 60pa, MOXKHO ITPeAIIONOKUTH, YTO Hab/IIo-
JaeMble B MUKPOCTPYKTYpe IIPOTSDKeHHBIe 3ePHOTPAaHH Y-
HBble [TOPBI SIBISIIOTCS 00/1aCTSIMU C IIOBBIIIEHHO KOHLIeH-
TpallKeH TBeploM CMa3KH, KOTopas y[aseTcs BMecTe
c abpa3uBOM IIpHU MOATOTOBKe 06BEKTA HCCIeI0BAHUS
K MeTajljorpadryueckoMy aHaau3y. YBenuyeHHe obbeM-
HOM JI0JIU IIOP C IIOBBILIEHHEM COIepsKaHUsI HUTpUIA
6opa B cOCTaBe HUCXOAHOM IIUXTHI OT 0 0 6% II0 Macce
COCTaBJISeT OT 3,5 110 17% COOTBETCTBEHHO.

HccnemoBaHUS B peXHMe $pa30BOro KOHTPACTa
MHKPOCTPYKTYPBl KOMIIAKTOB C PA3/IMYHBIM COLepsKa-
HHeM HUTpHUAA 6opa npu 6osbiieM yBeTHUYeHUH BbIS-
BUJIM Ha/IMYHe NUCIIePCHBIX HAHOPa3MePHBIX, TOJIIIH-
HOM 20...200 HM, ITPOC/I0eK HUTpUAA 60pa 10 rpaHUIlAM
3epeH (puc.2). [I[pyueM, Ha OTAeIbHBIX IPAHUIIAX 3epeH
HabJ1I01aeTCs SIPKO BhIpaskeHHAs GparMeHTaLI s YaCTHL]
h-BN (puc.2c). Kpome 3Toro, yactuiisl h-BN HabmronaoTcs
U1 B TeJle COPMHU POBABIIMUXCS [IPU CIIEKAaHU K MeTaJlIHhye-
CKHX 3€peH.

Ob6HapyskeHHBIe 0COOEHHOCTH CTPOEHUSI KOMIIaK-
TOB C BBeJIEHHEM B COCTAB UCXOAHOM IOPOIIKOBOM
muxThl h-BN CBUIETE/NBCTBYIOT O PAa3BUTHUH IIpOLieC-
coB IUPPY3HOHHOI0 MaCCOIIepeHOca MeKY MeTaJlIt-
YeCKMMH YacCTULAMHU IIPH CIIeKaHUH 110 Pa3/IMUYHbIM
MeXaHH3MaM.

OBCYXEHUE

HOJ’IY‘—IEHHI)IE HOaHHBIE I10 K3MEHEHHI0 MUKPOCTPYKTYPbL
KOMIIAKTOB C YBe/IMYE€HHEM COAEP’)KaHHSI HUTPH A 6opa
II03BOJISIIOT PACCMOTPETDH BOIIPOC €€ (bOpMI/IpOBaHI/IH,

However, the formation of the com-
posite material structure with h-BN
additives and its relationship with
the performance properties remain
not fully understood and are the sub-
ject of discussion among scientists.

MATERIALS AND RESEARCH
METHODS

As noted above, the development
of a composite material with boron
nitride additives is aimed at its sub-
sequent use in the construction of
abraded seals for steam turbines.
Taking into account the operat-
ing conditions of such seals, the
base material for the powder of cor-
rosion-resistant steel Fe-13% Cr-2%

Mo with a fractionation of 10 to
80 microns, obtained in accordance
with GOST 13084-84, was selected.
The powder of hexagonal boron
nitride BN prepared according to
TU 26.8-00222226-007-2003 was cho-
sen as dispersed filler. The boron
nitride particle diameter varied from
1to10 pm and particle thickness was
within 0.7-2 pm.

The study of the influence of BN
powder concentration in the ini-
tial powder charge on the formation
of the compact structure was car-
ried out on samples of the following
composition:

+ Composition "1" - pressed blanks
made of pure I[TX13M2 powder;
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+ Composition "2" - pressed blanks
made of pure I1X13M2 powder +
0,5% BN;

 Composition "3" - pressed blanks
made of pure ITX13M2 powder +1%
BN;

+ Composition "4" - pressed blanks
made of pure [TX13M2 powder + 2%
BN;

 Composition "5" - pressed blanks
made of pure I[TX13M2 powder + 4%
BN;

 Composition "6" - pressed blanks
made of pure I1X13M2 powder +
4,5% BN;

 Composition "7" - pressed blanks
made of pure I[TX13M2 powder + 5%
BN;
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Puc.2. BHewHuli 8ud ducnepcHbix Npocaoek Humpuda 6opa: a u b — 06wuli 8ud; ¢ - ppazmeHmayus 4acmuuy, N0 2pAHULAM 3epeH;

d - paccaaugaHue 4acmuuy, no 2paHuLAM 3epeH

Fig.2. Appearance of dispersed boron nitride interlayers: a and b — general views; ¢ - fragmentation of particles along grain boundaries;

d - delamination of particles along grain boundaries

IpeJBapUTeNbHO Pa3/e]uB IIOCTABAEHHYIO 3aJady
Ha JIBe COCTaB/IAI0MHMe: 1 - BAUsSHHe feGOopMallkH IIPU
IIPeCCOBAHUU, 2 ~ BJIHMSHIeE BbICOKOM TeMIIepPaTyphl IIPH
CIIeKaHHH.

Ha puc.3 npeacTaBieHa peHOMeHOJOTHYeCKas
Mojenb BIUSHUSA AedopMaliui Ha GOPMHUPOBaAHHUe
CTPYKTYPBI KOMIIaKTOB. YacTUIIBI HUTpHU/A 60pa, BCres-
CTBHe CBOEM IIPUPOAHON UHEPTHOCTH, 00/1aIal0T HU3-
KOM aJIre30HHOK CII0COOHOCTBIO [24] 1 He MOT'yT BCTY-
IIUTh B peaKIIUI0 C MeTa//IMYeCKUM ITopolKoM ITX13M2.
ITpH [1peccoBaHM U YacTh PABHOMEPHO pacIipesie/IeHHbIX
yactuil h-BN B 06beMe IIKXTHI OKa3bIBaeT 'CMa3bIBalo-
mu 3pdeKT"’, criocobcTByst 6oree MIOTHOMY ITpHJIeTa-
HMUIO YaCTHUI] MeTa/UIMYeCKOro IIOPOLIKA IPYT K APYTY.
[Ipu 5TOM YacCTHULIBI HUTpHZA 60pa B yC/IOBUSIX IIOCTe-
IIeHHOT0 YIIOTHeHU S MaTepHajla YacTUYHO IOfiBep-
SKeHBI TH60 MPSIMOMY 6BICTPOMY BBITeCHEHHUIO B bortee
cBO6GO/IHBIE 30HBI IIOHM>KEHHON IIJIOTHOCTH, I/le Pas-
BUTHe IIPOLECCOB JedOopMallUU He Havajloch M3-3a

HeIOCTaTOYHOCTH MPHKIaABIBAEMOr0 YCHIMS, TH60
[IOCTeIIeHHOMY MeJJIeHHOMY BBITECHEHMIO 3a CUeT
pa3pylLIeHMs B3aHMMOCBSI3M KPaMHUX, TPAaHHUYALINX
C MeTa/UIMYeCKUMHU YacTULIAaMHU, CJI0eB (paccaauBa-
HUe YacTUL HUTpua bopa (puc.4)). B KoHeUHOM HTOre
HalpaBJeHHOe ABMKeHHe YaCTUI] HUTpuAa 6opa
B IIpoliecce MPeCccOBaHUS IMPUBOIUT K GOPMUPOBaA-
HUIO B 06beMe KOMITAKTOB 3aKPBITOM 3epHOIPAHHUYHOL
IIOPUCTOCTH, 3aI0JIHeHHOM YacTunaMu h-BN (ob6rmactu
C IIOBBIIIEHHOM KOHIeHTpauuei h-BN). IIpu 3ToM ueMm
BBIIIIE COfleP>KaHHe HUTpH/A 60pa B MCXOLHOM LITHXTe,
TeM bosbIIIe 06'beMHASI OIS 3€PHOT PAHUYHBIX ITOP.
I[Ipu criekaHUK GOPMUPOBAHHE CTPYKTYPHI IIPOKC-
XOIHT II0 MOJIe/IH, OIIMCAaHHOM B pabore [25]. Ha rpa-
HUIAX pasfiesa, B KOTOPbIX KMEIOTCSI TOUeUHble KOH-
TaKThl MeTa/UIMYeCKUX YaCTHIL] JPYT C LPyroM, HUIU
TONIIMHA HUTPUJHOM IPOCIOKMKH HACTOIbKO Maja,
YTO BC/IeICTBHE TEPMUUYECKOTO PacIIMpeHH s IIOPOIIKa
I1X13M2 BO3MOYKHO HX COIIPUKOCHOBEHHE IPYT C IPYIOM,

O6nacTb C NOBbILLEHHON
KOHUeHTpauuner h-BN
Area with increased
h-BN concentration

Puc.3. ®eHomeHono2u4eckas mooenb 8AUSIHUS 0epopmauuu Ha
CMpyKmypoobpazosaHue KomMnakmos

Fig.3. Phenomenological model of the influence of deformation on
the structure formation of compacts

Puc.4. Cxemamuueckoe U306paxkeHue npou.ecca paccaausaHus
yacmuy, HUmpuda 6opa

Fig.4. Schematic representation of the boron nitride particles
delamination
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Puc.5. ®eHomeHoA0zu4eCKas Modenb CMpyKmypoobpazosaHus
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Fig.5. Phenomenological model of the structure formation during
sintering

Ppa3BUBaOTCS IPOLIECCH AUPOY3HMOHHOIO0 Maccorepe-
HOCa, IIPOUCXOOUT 06pa3oBaHUe ITlepeMblUYek CIIeKa-
HHUS U CJIHUSIHUEe MeTUIMYeCKHUX 9acTHul, ¢ obpaso-
BaHHeM boslee KPyIIHBIX 3epeH. IIpu 3TOM BO3MOSKHO
YacTHYHOe IornoueHue yacTul, h-BN pactymumu
MeTa/JIMYeCKUMHU 3epHaMHU (puc.2 u 5b). Ilo rpaHu-
LaM paszena ¢ 60IbIIUM COlep>KaHHEeM KepaMHUe-
CKHX YaCTHUIL U B 06J1aCTSIX C [IOBBIIIEHHOM KOHIIEHTPa-
Lpel HUTpHIA 60pa pa3BUTHe IIPOLIeCCOB Maccollepe-
HOCAa U PeKPUCTAIN3AL UK OI0OKUPYeTCsl. BeencTBre

3TOro, B 06beMe KOMIIAKTOB CO3/IaI0TCs OC/IabeHHbIe
TPaHUIIBI, KOTOPble K 00yCI0BIMBAIOT BBICOKHE ITOKA-
3aTeId UCTUPaeMocCTH [1, 19].

TakuMm obpasom, BBefleHHe B COCTAB HMCXOJHOU
IIMXTHl MeJIKOAHUCIIEPCHOrO IOPOIIKa HUTpUAa 6opa
[103BOJISIeT YIIPAB/ISITh IPOYHOCTHBIMU CBOKCTBAMU
TrpaHHUIL] 3epeH, POPMHUPYyeMBIMH B IIpoliecce cIleKa-
HUS, 33 CUeT HaIlpaBAeHHOTo 6I0KMPOBaHUS pas-
BUTHS IIPOLIECCOB NUPPY3UHU IIPU CIIeKAHUH, U, KaK
C/IeICTBHE, JOCTUTATh HeO6XOAHMMOrO II0 YCIOBUSIM
3KCILJIyaTallMy COYeTaHHU S IPOYHOCTH U UCTHPaeMo-
CTH KOMIIO3UIIMOHHOTO0 MaTeprasia [1X13M2-BN.

BbIBO/1bl

BBemeHue B COCTaB IIOPOIIKOBBIX KOMIIAKTOB
[1X13M2 menkonucrepcHoro h-BN c rpadurononobHom
CTPYKTYPOM IIPUBOAUT K QOPMHUPOBAHUIO B IIPOLIecce
OedopMally IPOTSI’KEHHOM 3aKPbITOM 3epPHOTPaHHU-
HOMU ITOPHCTOCTH, 3aII0/IHeHHOHN YaCTUIlaMU HUTpHUJA
bopa.

JllepopmanmorHas 06paboTka UCXOAHON IIHMXTHI
IIOPOIIKOBBEIX KOMITAKTOB IIXI3M2-BN mpuBOAHUT
K 06pa30BaHHUIO IUCIIEPCHBIX HAHOPa3MePHBIX, TOJIIIH-
HoOI 20...200 HM, ITpoC/IoeK HUTpHAA 60pa 1o rpaHUIIAM
3epeH 3a CYeT YaCTHYHOI0 paccioeHUs yacTull h-BN.

B mporiecce crieKaHu s, BCIeACTBHE Pa3BUTH S IIPO-
11ecCoB AUPPY3UOHHOI0 MaCCOIIePEeHOCa, IIPOUCXOAUT
YacTHYHOe IOTJIONeHHe PACTYIIUMK MeTajlanuye-
CKHMHU 3epHaAMHU JUCIIePCHBIX YaCTHUIL] h-BN.

Hccaedosamenbckas Hacmp pabombl 8bIN0AHEHA C UCN0Ab308a-
Huem obopydosanus LIKIT "Haromex" ®TEOY BO "YTATY".

+ Composition "8" - pressed blanks
made of pure [TX13M2 powder + 6%
BN.

The original powder components
were put together and thoroughly
mixed. The mixing time of the com-
positions was determined empiri-
cally from the condition of the uni-
form distribution of the components
over the volume of the charge. The
resulting powder mixture was cold
pressed into rectangular shapes of
50x10x10 mm. The compacts were
sintered in electric furnaces in air at
a temperature of 1,200 °C. The sinter-
ing time was 2 hours.

The sample microstructure was
studied using a JSM-6490LV scanning

electron microscope and Tescan
Lira 3. The quantitative analysis was
performed using standard counting
techniques.

RESULTS

Figure lillustrates the microstructure
of composite compacts with differ-
ent contents of boron nitride. Pores of
various shapes and sizes are observed
on the polished surface of all studied
samples. In the structure of a com-
pact without boron nitride (Fig.1a),
the pores have a globular shape and
are predominantly located along the
grain boundaries which indicates
that the applied force during pressing
is insufficient for the formation of a
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denser structure, due to appearance
of a large friction force between metal
particles and, as a consequence, the
limited flow of diffusion processes
during subsequent sintering.

The addition of boron nitride into
the initial charge leads to the for-
mation of extended grain-bound-
ary pores in the microstructure
(Fig.1b, c, d), and the higher the
boron nitride content, the larger
the volume fraction and pore size.
The mechanism of formation of the
observed extended grain-bound-
ary pores differs from the classi-
cal concept described in [20-23]. Due
to the different bulk density of the
[1X13M2 metal powder and boron
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nitride, the volume of the mixed
components in the charge is com-
parable. Taking it into account,
together with the chemical inertness
and low adhesion of boron nitride,
it can be assumed that the extended
grain-boundary pores observed in the
microstructure represent the areas
with an increased concentration of
solid lubricant, which is removed
together with the abrasive when pre-
paring the object of study for metal-
lographic analysis. An increase in
the volume fraction of pores with
an increase in the boron nitride con-
tent in the composition of the initial
charge from 0 to 6% by weight is from
3.5% to 17%, respectively.

The studies of the microstructure
of compacts with different contents
of boron nitride at higher magnifi-
cation performed in the phase con-
trast mode revealed a presence of dis-
persed nanosized 20...200 nm thick
boron nitride interlayers along the
grain boundaries (Fig.2). Moreover,
a pronounced fragmentation of h-BN
particles in separate grain boundar-
ies is observed (Fig.2c). In addition,
h-BN particles are also observed in
the body of metal grains formed dur-
ing sintering.

The discovered structural features
of compacts with the introduction of
h-BN into the initial powder mixture
indicate the development of diffusion

mass transfer between metal parti-
cles during sintering that occurs by
various mechanisms.

DISCUSSIONS

The data obtained on the change in
the microstructure of compacts with
an increase in the boron nitride con-
tent allow us to consider the issue
of its formation, having previously
divided the task into 2 components:
1 - the effect of deformation during
pressing, 2 - the effect of high tem-
perature at sintering.

Figure 3 illustrates a phenomeno-
logical model of the effect of defor-
mation on the structure formation
of compacts. Due to their natural
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inertness, the boron nitride parti-
cles have low adhesion ability [24] and
cannot react with the ITX13M2 metal
powder. While pressing, a part of the
uniformly distributed h-BN parti-
cles in the volume of the charge hasa
"lubricating effect", contributing to a
tighter adhesion of the metal powder
particles to each other. At the same
time, boron nitride particles under
conditions of gradual compaction
of the material are partially subject
to either direct rapid displacement
into the more free zones of reduced
density, where the development of
deformation processes did not begin
due to insufficient applied force or to
the gradual slow displacement due
to destruction of the relationship of
the extreme layers bordering with
metal particles (separation of boron
nitride particles (Fig.4)). Ultimately,
the directed motion of boron nitride
particles during pressing leads to the
formation of closed grain-boundary
porosity in the volume of compacts
filled with h-BN particles (regions
with an increased concentration of
h-BN). In this case, the higher the
boron nitride content in the initial
charge, the greater the volume frac-
tion of the grain boundary pores.

During sintering the structure
is formed according to the model
described in [25]. At the interfaces
where there are point contacts of
metal particles with each other or
where the nitride layer thickness is
so small that due to thermal expan-
sion of the ITX13M2 powder they may
come into contact with each other,
the diffusion mass transfer pro-
cesses develop, the sintering bridges
are formed and metal particles
merge with the larger grain forma-
tion. In this case, a partial absorp-
tion of h-BN particles by growing
metal grains is possible (Figs.2 and
5b). At the interfaces with a high
content of ceramic particles and in
the areas with an increased concen-
tration of boron nitride, the develop-
ment of the mass transfer processes
of and recrystallization is blocked.
As aresult, weakened boundaries are
created in the volume of compacts,
which cause high abrasion rates [1,
19].

Thus, the addition of a finely dis-
persed boron nitride powder into
the composition of the initial charge
makes it possible to control the
strength properties of grain bound-
aries formed during sintering by

HAHO MHOYCTPHA Tom 14 Ne1 (103) 2021

blocking the development of dif-
fusion processes while sintering,
and, as a consequence, to achieve
the combination of strength and
abrasion properties of the compos-
ite material ITX13M2-BN required by
operating conditions.

CONCLUSIONS

Addition of finely dispersed h-BN
with a graphite-like structure into
the composition of powder com-
pacts I1X13M2 leads to formation of
an extended closed grain-boundary
porosity filled with boron nitride
particles during deformation.

Deformation treatment of the
initial charge of powder compacts
[1X13M2-BN leads to the formation
of dispersed nanosized 20...200 nm
thick boron nitride interlayers along
the grain boundaries due to partial
stratification of h-BN particles.

In the course of sintering, due to
the development of diffusion mass
transfer processes, a partial absorp-
tion of dispersed h-BN particles by
growing metal grains takes place. B

The research was carried out using the
equipment of the Nanotech Center for
Collective Use of the USATU.
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