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BILIUB TUCKY POBOUYOI ATMOC®EPU HA ®OPMYBAHHSI
BAKYYMHO-AYI'OBUX HOKPUTTIB ZrN TA (Zr-Ti-Ta-Hf-V-Nb)N

MeTtonaMu pEHTTEHIBCHKOI TEH30METpii, €IeKTPOHHOI MIKPOCKOIii, B MO€AHAHHI 3 BHMIPIOBAaHHIM
MEXaHIYHUX XapaKTePUCTUK MIKPOIHACHTYBAaHHSIM BHBYCHO MOXJIMBOCTI CTPYKTYpPHOI 1H)KEHeEpii
nokpuTTiB ZrN Ta (Zr-Ti-Ta-Hf-V-Nb)N nuisxom BIiIuBy THCKY po6oudoi armMocdepu mpu ocaaKeHHI
MOKPUTTIB Ha IX CTPYKTYpy Ta BIACTUBOCTI. BCTaHOBIEHI YMOBHM OJCp)KaHHS, SIKI MPU3BOMIITH 10
(dbopMyBaHHS HaATBEpAUX MOKPUTTIB 3 TBepAicTio monax 40 I'Tla.

Kiro4oBi cjioBa: HITpUA IUPKOHIIO, HITPUA BUCOKOCHTPOMIHHOTO CIUIaBy, BAKYyMHO — JyTOBUUA
BUMIAP, MIOKPHUTTS, CTPYKTYpa, CyOCTPYKTYpa, MIKPOTBEPIICTb.

Beryn. OcHOBHE NMPU3HAYEHHS 3HOCOCTIMKOTO MOKPUTTS HA JI€30BOMY 1HCTPYMEHTI
— 1€ 301IbILIEHHS MPOAYKTUBHOCTI MaTepially OCHOBH 3a paxyHOK MOXJIMBOCTI poOOTH 3
BUCOKMMHM IIBUAKOCTSIMHU pi3aHHA 1 mojadyamu. s Toro mo6 oTpumaTd MOKPUTTS 3
HEOOXITHUMHU BJIACTUBOCTSIMH, BaXXJIMUBUM € PO3YMIHHS MOKIIMBOCTI CTPYKTYpHOI
1HXKeHepli IIJITX0M BapilOBaHHS IapaMeTpiB Mpu ocajxeHHi [ 1-5].

Meta poGoru. Metoro pgaHoi poboTh Oys0o TpoaHaTi3yBaTh MOMIJIMBOCTI
CTPYKTYpHOI 1H)KEHepii IOKPHUTTIB OJHO- Ta OaratoeleMEHTHUX I10 METaJICBUM
CKJIQJIOBUM HITPHU/IIB HA OCHOBI ZI, OTPUMAaHUX MPHU Pi3HOMY TUCKY po0040i aTmMochepu.

YMOBH OTPUMAHHS Ta JOCTIIKeHHS MOKPHUTTIB. 3pa3ku OyiM OTpUMaHi TPH
BUKOPUCTAaHHI MOJEPHI30BAaHOI BaKyyMHO-IyTroBOi ycTaHOBKM «bynar-6», sika Oyia
JIOTATKOBO 3a0e3redeHa TEHEepaTOpPOM BHCOKOBOJBTHUX IMIynbCiB [6 — 8]. Ilpwm
HAHECEHHI Ha MIAKIaIKK 3 Hepxkasitouoi ctam 12X18HIT 3 pozmipamu 20x20x3 MM 1
MiIHOI ¢osibru TOBHIMHOKW 0,2 MM MoJaBajdv B’ €MHUH TMOTEHIIAT 3MIIICHHS
Bernunnor Uy Big 27 B no 300 B.

®da3zoBui CKJIAJ 1 CTPYKTYPHHH CTaH TMOKPUTTIB JOCIHIIKYBaBCSI METOJAO0M
penTreHiBcbkoi audpakiiii Ha nudpakromerpi JJPOH-4 y BunpominroBanni Cu-K,. s
po3mndpoBky audpakTorpaM BUKOpUCTOBYBanacs 0aza audpakiiinux ganux JCPDS.
Po3mip kpucTaniTiB BU3HA4YaBCs MO PO3MIUPEHHIO NEPIIMX AUPPaKIIHHUX JTiHIA (11
HAaWMEHIIIOTO BIUIUBY MiKpojaedopMallii) 3HATUX MPU HAUMEHIIOMY KpOIll CKaHyBaHHS
0,02 rpan. 13 cuniBBigHomeHHs CenskoBa-Illeppepa [9]. MikpoiHaeHTyBaHHS TPOBOIAIN
Ha ycraHoBil «MikpoH-ramma» [10] mpu KiMHATHIA TemmepaTypi (HaBaHTaKEHHS B
Mmexkax g0 0,5 H) anmasznoro nipaminoro bepkosuua.

© 0.B. COBOJIb, A. 0. AHJIPEEB, L. B. CEPJIIOK, B. ®. TOPBAHD, H. B. [IIHUVYK, A. O. MEIJIEXOB, €. O. IVMA JI. M. BABELL,, 2014
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PesyabTaTn pocaigkeHHsi Ta ix o0rosopennsi. CTpykTypa, CyOCTPYKTYpa Ta
TBepaicTb ZrN nokpuTTiB. Sk cBimuaTh ofepxkaHi peHTTeHAudpaKIiitHi cekTpu (puc.
1, a) mpu THCKY 5-10™ Topp Ta Buie popmyeTsest onHodasHuit cran ZrN 3 KyGidHOI
pemritkoto tuma NaCl (JCPDS 35-0753) 3 mepeBakHOIO OpPIEHTAIIEI0 KPHUCTAJITIB
(texctyporo) [111]+[311] npu Px= 5-10" Topp (GiTekcTypHHii CTaH) Ta TEKCTYpPOIO
[111] mpu Oimpin BUcOKOMY THCKY. CTymiHb TekcTypoBaHocTi [111] 3 pocTom THCKY
Je1Io 301UTbIIy€eThes (BITHOCHA IHTEHCHUBHICTh TEKCTYPHHX MiKIB MTOCHITIOETHCS BITHOCHO
IHIINUX TUIOUIHH).

[ToBHe pmoCHiMKEHHS TOKPUTTIB BKJIOYAE B ceOC BHU3HAUCHHS MEXaHIYHUX
XapaKTEPUCTHUK, & CaMe 3MIHY TBEPJIOCTI.

Ha puc. 1 (0) npuBeaeHa 3ajie’KHICTh 3MIHU TBEPJOCTI BiJl TUCKY, 3 SIKOi BUAHO, L0
B KOpEJISIi 31 CTPYKTYPHUMH JaHHUMHU 3aJCKHICTb TBEPAOCTI BiJI TUCKY MOXHO
PO3IINHTH Ha 1Bi xapakTepHi aimsuky. [leprua aimsaka 1o 8-10™ Topp 3 HemepepBHEM
pPOCTOM TBEPJOCTI 31 30UIBIIEHHSIM THUCKY, II0 MOKHA IOB’S3aTH 3 HACHUYEHHSM MpPH
[[OMY 3B’SI3KIB a30THUMH aTOMaMH B YMOBax ()OpMyBaHHs OITEKCTYpHOTO CTaHy, Ha

SKOMY TBEPHICTh 3pO- . z oz oz
. = o) = = = 50,

crac g0 42 ITla 1 210000y~ = Xy By N

ra— ma koTpiti mpu & 8000 =2 & Z 40,
ApY p1a 1Ip = =8
OiIb-1OMy THCKY 5 6000/ x = 304

. E i !‘ —~

TBEPAICTH = I : 201

PA : 4000 wi 7, = 20
MPAKTUYHO MOCTIHHOKO = B SRS 13:2 0
Ha piBHi 37-38 I'TIa. 30 40 50 60 70 80 0.000 0.001 0,002 0,003

. , To
Amanis 20, rpan PN, Topp

CyOCTPYKTYp HUX a 0
XapaKTECPUCTUK Puc. 1 — JlinssHK1 peHTreHorpaM Ta MeXaHiuH1 BIaCTUBOCTI
MpUBEJECHUIN Ha puc. 2 NOKPUTTIB ZrN, OTpUMaHUX MPH MOCTIHHOMY BiJl’ EMHOMY

mokasaB, 1[0 mpu noreHuiani -150 B i pisnomy TrcKy a3otHoi atmochepu (Py), Topp:
HI3BKOMY THCKY, Komu 1 —2:10%;2-2-10%3-510%;4-7-10% 5-1-10% 6 - 3-10%; 7 -
BinOyBa€eTHCS 4,8:107; a — nudppaxuiitni ciektpu, 6 — TBEpiCTH
(opMyBaHHS CTaHy
TBEpAOro po3uuHy Zr(N),HUKYOro HITpUAY LIUPKOHID a00 HITPUAY LUPKOHIO 3
KyOIUHOIO PEIITKOI0 Ta OiaKCHAIBHOI TEKCTYporo(To6to mo Tucky 1107 Topp)
CIIOCTEpIra€eThCsl 3arajibHa TEHJIEHLIsS 3MEHUIeHHS MikpoaepopMmauii (puc. 2, a) Ta
po3Mipy KkpucTamiTiB (puc. 2, 6) 3 pocrom Tucky. lLle Moxke OyTH 3ymoOBIEHE
3MEHIIEHHSAM CEPEJHbOI €HEPrii YacTOK B HACIIJOK 3MEHIIEHHS JOBXHHU BUIBHOTO
npobiry 4acTok. 3GiIbLICHHS THCKY B ILiii 06iacti 3HaueHs (ToGTO 40 THCKY 1107
Topp) npu3BOAUTH /10 30UIBIICHHS KITBKOCTI MICIIb YTBOPIOBAHHS, OTKE MPHU3BOJUTH K
3MEHIIIEHHIO CEPEAHBOTO PO3MIPY KPHUCTANITIB MPU iX IJIAaHAPHOMY 3allOBHEHHI 3
YTBOPEHHSAM CYIUTBHOT TUIBKH (puc. 2, 0). Ile MOsSCHIOEThCS HEBHCOKHMM CTYICHEM
XIMIYHOT B3a€MO/Iii B IMPOIIeCci ocaKeHHs 0€3 101aTKOBO1 IMITYJIbCHOT CTUMYJISIIII.
Jlpyra minsHka npu trckax Oimsme 1-10° Topp XapakTepu3yeTbCs BHXOLOM
3aJIeKHOCT] MikpoAedopMmallii Ha npakTudHO nocTiitHui piBenb 0,50-0,55 % 1 3Haune
3pOCTaHHsS PO3MIPY KPUCTANITIB Yy HANPAMKY MaJIHHS IUIIBKOYTBOPIOKOYMX YacTok. [Ipu
OUTBIIOMY THCKY, KONIM BiAOyBa€eTbCcsi (POPMYBaHHA TEKCTypU 3 TEPEBAKHOIO
opieHramieo [111] cTymiHp JOCKOHAIOCTI, SIKO1 31 30UIBIICHHS THUCKY HiIBHIIYETHCS,
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BEJIMUYMHA CEPEAHLOTO PO3MIPY KPHUCTATITIB TMIABHUINYEThCS. X1 3aJICKHOCTEH
CyOCTPYKTYpPHHUX XapaKTEPUCTHUK, IO CIIOCTEPITa€ThCS MPU BETUKOMY THCKY, MOYKHA
MOB’A3aTU 3 [OBHUM

1,0,
HACUYCHHSIM TIOKPUTTA, .

0.8, 1200/
mo (opmyeTbes, aTo- ; .
MaMH a30Ty O CTEXiO- ¢ 0,6 < 00
METPUYHOIO Ta 4 04 — 600
CBEPXCTEX10METPUYHOTO o2l 300-
CKJIay. Ocranne ) ‘ ‘ ‘ ‘

0,000 0,002 0,004 0,000 0,002 0,004

BU3HAYAE JOCSITEHHS PR Topp PN, Topp
MOCTIHHOTO  3HAYEHHS
Mikpoaedopmariii a 0
PELITKY Ta i BUILECHHS Puc. 2 — 3anexHicTh CyOCTPYKTYPHHUX XapaKTEPUCTHK
CTiMKOCTI Oiapm  TOKPHUTTIB ZrN B THCKY po0040i aTMocdepH, Mpu OTPUMaHHI
BEJIMKHX po3MmipiB  TOKPHTTIB y 0e3 imMIrysibcHOMY pexnmi, mpu Ub=-150 B: a —
KPUCTAIITIB. Mikpozedopmallis, 6 — po3Mip KpUCTANITIB

CtpykTypa, CYyOCTPYKTYypa Ta TBepPAiCTh BHCOKOEHTPONMIMHUX CIUIABIB
(TiVZrNbHfTa)N. J{ns HITpUAY HIECTUEIIEMEHTHOIO CIIaBY, OTpUMaHOro B ymonax Uy,
=-200 B (puc. 3) Bigznaunmo popmyBaHHS IPU HU3bKOMY THCKY TekcTypu (311) -
JIOCUTh CTIMKOI 10 paaialiiHoro
BIUIUBY. Ll TekcTypa 30epiraerhbes
JI0 BITHOCHO BHUCOKOT'O THUCKY 2° 10°
Topp. Ilpu OIbHIOMY  THCKY
B110yBa€ThCS dbopmyBaHHS
OITEKCTYpHOT'O CTaHy 3 OCHOBHOIO
Tekctyporo pocty (111) — puc. 3
(cnektp  5). OpHak  CTymiHBb
JIOCKOHAJIOCTI ~ TaKOi  TEKCTYpHU
HEBEJIMKUI, 110 MOKHA IOB'SI3aTH 3

~
N
3

1

i
B4
Ju"? |
vl

) ) ) 26, rpan

PO30PIEHTOBHOIO JI€I0 PI3HUX 3a
po3mipom aTOMIB CKIIaI0BUX Puc. 3 — Jlinaaku nudpakiiiiHux CIeKTpiB
IECTHEICMEHTHOTO HITPUIy. HITPUIHUX MOKPUTTIB IMIECTUEIIEMEHTHOTO

Pesynprat aHamizy cyOCTPY-  BHCOKOEHTPOMIHHOTO CILIaBy, OTPUMAHKX HPH
KTypHHUX XapakTepUCTUK, TpoBe-  Ub =-200 B i npu THCKY a30THOI aTMochepu
JIEHOTO IS TIOKPUTTIB, HaBejeHl Ha (p(N)) Topp: 1 —2,5-10-4,2 —5-10-4,3 — 7-10-4,
puc. 4. 4-2-10-3,5-4,5-10-3

Buano, 1o 31 3011bIICHHSIM
TUCKY TIJBMINYEThCS CepeAHid po3mip KpuctamiTiB (puc. 4, a) 1 3MEHIIYIOThCS
Mikpoaedopmartii (puc. 4, 6). Ilpudomy 301IbIICHHS PO3MIPY KPHUCTAITIB OLIbIIT
BUpaXeHEe TpH MeHIoMy mnoTteHmiam -70B, a 3HmwkeHHs Mikpoaedopmallli CUiIbHIIIE
BHSBJISIETHCS TIpH noTeHIiani -200B.

Otpumasni METOJIOM TUHAMIYHOT'O 1HJICHTYBaHHS (bi3uKO-MeXaHIuHi
XapaKTEPUCTHKHU MOKPUTTIB (MOAyJib npy>xHOCTI (E) 1 MikpoTBepaicTs (H)) 3anexHo Big
TUCKY y3arajJbHEH1 Ha puc. 5.
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5001 0B 1,61
400- 1,4
= 300 1,2
= ©
~ 2001 -200 B °- 1,01
— A -70 B
100+ vV 0,81
0- 0,61 200 B
0,000 0,002 0,004 ‘ ‘
’ ’ ’ 0,000 0,002 0,004
PN’TOpp Pn, Topp
a 0

Puc. 4 — 3anexHicth cyOCcTpyKkTYypHUX XapakTepucTuk NokpuTTiB (T1IVZrNbHfTa)N Bin
PN: a — po3mip kpuctamiitiB, 0 — Mikpoaedopmarris

480 551
450 501
] 200 B < 45-

‘E" 420 = 200 B
= 3901 o = 40

3601 \ 357 | 70 B
0,000 0,002 0,004 0,000 0,002 0,004
P, Topp P, Topp
a 3]

Puc. 5 — ®izuxo-mexaniuni xapakrepuctuku nMokputTiB (TiVZrNbHfTa)N B 3amexHoCTI
BiJl TUCKY: a — MOZyJib Tipy>kHOCTI (E), 6 — mikpotBepaicTs (H)

HaiiGinpmri 3HaUeHHs TaHUX XapaKTEPUCTUK OTPUMAaHI JJi TOPIBHSHO HEBHCOKOTO
ticky 0,09 ITa (7-10° Topp). SIk Bimomo, IS HITPHAY THUTAaHY caMe MPUCYTHICTH
10—-15 % BuIbHUX (HE 3aMHATUX a30TOM) OKTACAPUYHUX MIXKY3IIB 3a0€31euy€e HalBUIILY
TBEPAICTh, B PE3YyJIbTATI IPOLIECY BIOPSAKYBAaHHS 1 yTBOPEHHS CTiiikux Me-N 3B's3KiB.

BucHoBku

1. MeTo1oM BaKyyMHO-IyTrOBOT'O OCaJKEHHS OyJiM OTpUMaHi 0OAHO(]A3HI MOKPUTTS
ZN 3 kpucraniudoro I'IIK pemriTkoro.

2. 3 pocrom THCKY Big 1:10™ 10 3:10°Topp Ta 3a YMOB Bif’€MHOTO MOTEHI{aTy
3cyBy -150 B cnocrepiraemo mosisy 6itekcrypHoro crany [111] + [311] Ta Tekctypy
pocty [111] ipu 611611 BUCOKOMY THUCKY.

3. TBepaicTh 3pocTae 3i 30LIBLICHHSIM THCKY Ta gocsrae mpu THCKy 510 Topp
snaueHHsa 42 ['Tla. Take 301blIEHHS TBEPAOCTI, MOKHA TIOB’SI3aTH 3 HACUYEHHSIM MPU
[bOMY 3B’SI3KIB @30THUMH aTOMaMU B YMOBaX M1IBUILEHHS TUCKY a30Ty MPU OCaIKEHH1
Ta 3 (popMyBaHHSAM OITEKCTYPHOTO CTaHY.

4. BcTaHOBJEHO, 110 OaraToeJIEeMEHTHI MOKPUTTS, HA OCHOB1 TBEPAOI0 po3uuHy (Zr,
Hf, Nb, Ti, V), ocamkeni B a3oTHiii aTMocdepi € ogHodazHuMu 3 (Ha300 Ha OCHOBI
kyO1yHoi I'LIK pemritku (ctpykrypHuii Tun NaCl).
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5. BukopucranHs 6aratoeieMEHTHOrO CKJaay MpH 0JHO(pA3HOMY CTaHI 3 MPOCTOIO
KyOIYHOI PEIIITKOI JI03BOJISIE IOCATaTH BUCOKUX 3HA4YCHBb Mikpoaedopmarrii (1o 1,2%)
[P HU3bKOMY THUCKY OCAJIKEHHS.

6. Ilpu THcky asotHoi armocdepu (6,7-107.. 15:10™") Topp dopmyoTses
HAaHOCTPYKTYpPHI HOKPUTTSI 3 HaJIBUCOKOIO TBEPAICTIO, K1 BIANOBIAAIOTH ckiany MeNy .
Haii6inpma tBepaicts 54 I'Tla BnacTiBa MOKPUTTSIM 3 PO3MIPOM KPUCTAIITIB OJIM3BKUM
10 50 uM npu popMyBaHH1 ABOXBICHOTO TeKcTypoBaHoro crany (111) + (311).
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NCCIEAJOBAHUE MEXAHU3MA I'EJIEOBPA3OBAHUS B
T'UBPUIHBIX T'EJISIX KPEMHE3EMA C IOHUXKEHHOM
CKVIOHHOCTBIO K ATPET'HPOBAHHIO

1. UccnenoBaHo  BIMSHME OCHOBHBIX TEXHOJOIMUECKHMX IapaMeTpoB IMOJY4YeHHsS Ha
ruipooOH3aUI0 MOBEPXHOCTH YacTULl THOpUAHBIX resneid SiO; U CKIOHHOCTh UX K arperupoBaHUIO.
W3ydeHo BIMSHHE TEXHOJIOIMYECKHMX OCOOEHHOCTEH MPOBEAEHUS 30Jb-Tellb MEpexoia Ha MEXaHHU3M
reseoOpa3oBaHusl B TUOPHUIHBIX TeISIX CHCTEMbl METWJITPUAITOKCUCHIIAH — TETPA’TOKCHUCUIIAH, B
ycioBusx nepeMeHHoro pH. YcraHoBieHO, 4TO [UIsl NOJMy4YEHUS TOHKUX IIOPOIIKOB B BBICOKOU
TEKy4eCTbI0 M HHU3KOW CKIIOHHOCTBIO K arperupoBaHUI0 HEOOXOIHMMO MPOBOJAUTH KOAryJISILUIO
rotoBoro ruapoauzara MTOOC/TO0C= 2/1 npu pH 9 uepe3 0,54. mocie npuroToBICHHUS.

KiroueBble cj10Ba: METWIITPUITOKCUCUIIAH, TETPAITOKCUCUIIAH, THAPOIIN3, OJUKOHICHC AL,
MEXaHU3M Teeo0pa3oBaHus, CKIOHHOCTb K arperupoBaHHIO

Beenenne. KpemHe3zeMucTble NOpPOIIKM HAUUIM I[IAPOKOE NPUMEHEHHE B
pPa3IUYHBIX OTPacisiX HPOMBIIUIEHHOCTH. (OCOOEHHO aKTyajllbHO MCHOJIb30BAHUE
BBICOKOJIMCTIEPCHBIX MOpOoWKOB Si0,. Takue MmoOpomKkd ¢ yCnexoM HCHOJb3YIOTCS B
(dapManeBTUYECKOM  MPOMBILUIEHHOCTM B~ KAauyecTBE  HAIOJHUTENEH IS
Ta0JIETUPOBAHHBIX JIEKAPCTBEHHBIX (hOpM U caile (pa3jinyHble a’pOCHIIbI), COPOEHTOB
(renmM TMOJIMKPEMHHUEBON KHUCIOTBI W HOPOWIKOBbIE Kceporenu Si0;), a TaKxke
HAIOJHUTENEH CTOMATOJIOIMYECKUX KOMIIO3UIIMOHHBIX MarepuanoB (amopdHbiii Si0O;
KBapIIeBbIE, KPUCTOOAIUTOBBIE TIOPOIIIKH, A3POCHIIBI Pa3IMUHbBIX MapoK) [1-3].

OCHOBHBIMM ITOKa3aTeJIIMM KAadyeCcTBa JTUX IOPOIIKOB SBISIIOTCA: YHCTOTA,
BBICOKHME JMCIIEPCHOCTh M TEKY4YeCTb, INOHWKEHHAs JJIEKTpU3yemocTh. llepBoe, camoe
BaXHOE KaY€CTBO — UUCTOTA — IUKTYET BHIOOP 30JIb-I'€JIb TEXHOJIOTHH, TO3BOJISIIOIIEH HEe
3arpsi3HATh UCXOJAHBIE YUCThIE KOMIIOHEHTHI B IIPOLIECCE UX MEPEPAOOTKH.

Ha ceropssiminuii 7eHb S5KOHOMHUYECKH 00OCHOBaHAa HEOOXOIUMOCTh pa3paboTKu
TEXHOJOTHH KPEMHE3EMHUCTHIX MOPOIIKOB C 3aJaHHBIMU (PU3UKO-XUMUYECKHUMH U
(bU3UKO-MEXaHUYECKUMH CBOMCTBAMU MOJU(PYHKIIMOHAILHOTO HA3HAUEHHUS.

3ananHbli (a30BbIil COCTaB M BBICOKYIO IUCIIEPCHOCTH HAMOoJIee JIETKO MOIyYaTh
U3 KUCIBIX renel stuiacunukara [4]. dopmMa 4yacTull NOpOIIKa MPOrPaMMUPYETCs
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