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IToBepXHOCTH JIETKUX CIIJIABOB HAa OCHOBE THUTaHA, LIMPKOHUSI MO
JNEHCTBHEM HMOHHU3HPYIOIIET0 OOJyuYeHHUsT MpHOOpeTaeT psia
CBOMCTB, OTHOCSIIMXCS K IpolieccaM UX HaBojopoxuBanus. [lo-
Ka3aHo, YTO B ATOM CiIydae 00pasyeTcsl MIeHKa, MPesTCTBYIOIIast
MIPOHUKHOBEHHUIO BOAOPOJAa B OCHOBHOH 00beM MeTallia, Bo3pac-
TaeT MUKPOTBEPAOCTh. IIpu 3TOM OCHOBHOI 00BEM cIiaBa CO-
XpaHseT NPEXKHIO CTPYKTYpYy. BmecTe ¢ TeM HaBOOpOXKUBaHUE
BeJICT K BOSHUKHOBEHUIO MUKPOJC(PEKTOB ITOBEPXHOCTHOTO CIIOS.
Wx cBoiicTBa MOTYT OBITh MCCIICIOBaHBI BUXPEBHIMH TOKAaMH Ha
yactorax oT 10 KI'y no 10 MI'u. AkTuBHas U peakTUBHAs CO-
CTaBJISIIOIIME CONPOTHUBIIEHUS BUXPEBBIM TOKaM I103BOJISIIOT IO-
Jy4aTh TOTONHSIONIYI0 WHPOPMALIUIO O CTPYKTYype MOBEPXHOCT-
HOM TIJICHKH.

KuroueBble ciioBa:

BuxpeBble TOKH, TUTaH, TUPKOHHHA, MOIU(HUKAIIHS TOBEPX-
HOCTH, HOHU3HPYIOIIee H3ITyueHHe.

BBenenne

IIpn pasnauuHBIX TEXHOJOTMYECKHUX OIeparusx,
CBSI3aHHBIX C MPOM3BOACTBOM THUTAHOBBIX M LUPKOHUEBBIX
3aroTOBOK M IPOKATa, B IIOBEPXHOCTHOM CJIO€ M B 1I€JIOM B METaJule HAaOJIOAAIOTCS CII0KHBIE CTPYK-
TypHbIe m3MeHeHUs1. OOpa3yloTcs HACBHIMIEHHBIC CIIOW, XapaKTEePU3YIONINECs Ha OMPEACIICHHON TTy-
OuHe MeTayia HamuuueM (a3 BHEIPEHHUS BOAOPOAA M M3MEHEHHEM IapaMEeTpOB KPHCTAJUIMYECKOMH
peleTkn Metaiuia. B pesynbraTe yXynIIaloTCs YCIOBHS MEXaHMYECKOH 00paOOTKM, yMEHbILIAEeTCs
TUTACTHYHOCTh METAaJIa, CHIDKAIOTCS AKCIUTyaTallHOHHBIC CBOWCTBA JIeTalel M MOSIBISIOTCS JeQEKThI
CTPYKTYpHI [1]. OTH soKanbHBIE Ae)EKTH CTPYKTYPbl HanOOJIee OMACHBI, TaK KaK Jake P HEe3HAUH-
TEJIBHBIX JMHAMUYECKUX Harpys3kax B yKa3aHHBIX MecTax (pOpMUpYIOTCS TPELIMHBI, IPUBOISIINE, B
KOHEYHOM CueTe, K pa3pylIeHUI0 TN B YCIOBUSX dKcIutyaraun. [loaToMy 06paboTka yKa3zaHHBIX
CIUTABOB MOHHM3UPYIOIIUM H3JYyYCHHEM MMEET NEepPCIeKTUBHOE 3HaueHue [2, 3]. B obmedusnueckom
IU1aHe OOJIBIIONW MHTEpPEC BBI3BIBACT M3YUYECHHUE MOBEACHUS BOAOPOAHON MOACUCTEMBI B METaUIaX s
MIPUMEHEHUS €€ CBOMCTB B Pa3IMYHBIX 00JACTSIX BOJOPOIHOM dHEPreTHKH [4, 5].
OaHUM 13 METOJIOB U3MEpPEHHs COIeP KaHus BOIOPO/Ia B METAJUIAX SIBJISETCS METO/ BUXPEBbIX
TOKOB [5—7]. MeToa BUXPEBBIX TOKOB HIMPOKO IPUMEHSIETCS IPU JUATHOCTUKE MHOTOCIOMHBIX CTPYK-
TYp € JIOKQJIU30BAaHHBIMU MOTEPAMHU MeTauia [8-9].
Lenpio HacTOAAIICH CTaThH SIBJISIETCS pa3paboTKa METo/a MCCIEAOBaHHUS MOAM(UKAIMH TI0-
BEPXHOCTH JIETKHUX CIUIAaBOB HAa OCHOBE THUTAaHAa M LIUPKOHMS, ITOJBEPTHYTHIX BO3JCHCTBUIO HOHU3UPY-
IOLIEr0 M3JIyYCHHUS.
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Ou3nuecKol OCHOBOM M3MEpeHHsT MOAMMDUKALMH MOBEPXHOCTH THUTAHOBBIX W LUPKOHHMEBBIX
CIIABOB SIBJISICTCSI 3aBUCHMOCTh aKTUBHOW M €MKOCTHOW COCTaBIISIOIICH BUXPEBBIX TOKOB, pacrpo-
CTPaHSIONIUXCS B METaJlIe, OT CTETIEHH HAaBOJIOPOKEHHOCTH METalljla Ha ero pa3indHoi riyouHe. Pe-
[IeHNE 3aJa4d MPOBOIAT IyTeM pelIeHHsl CHUCTeMbl ypaBHeHUl Makcpemna [6]. B skcrnepumenTtax
HCIOJIb30BaHa CepHs MPSIMOYTONBHBIX INIOCKUX 00pa3LoB TUTaHA U HUPKOHMA pazmepamu S0X50 Mm,
tommuHO# oT 2 10 10 MM. OOpa3iibl MEXaHMYECKH TTOJIMPOBAIH U IS CHATHS BHYTPCHHUX HAIPsDKe-
HUl M yIaleHHs] PACTBOPEHHBIX ra30B OTKHTand B Bakyyme (10 MM. pT. CT.) IIpH TemIeparype ot
550 °C B Tedyenue 60 MUHYT C TIOCIEIYIOIINM OXJIaXKIeHHeM B Tieud. [locie sToro oOpasibl HackIIIa-
o1 BojoponoM. Haceimenne o0pa3noB  BOZOpOJOM — HpoBoAwioch Ha  ycraHoBke PCI
«GasReactionController» o mMetoay CuBepTca U 3JEKTPOIUTUICCKUM METOJI0OM. AOCONIOTHYIO KOH-
LIEHTPALKIO BOAOPO/ia B IPUTOTOBJICHHBIX 00pa3nax onpenensuid Ha ananuzarope RHEN 602 ¢gupmbt
LECO. Hcnonb3oBanbl 00pa3isl, odiryuenssle no meroauke [10]. Kpucranmuueckast ctpykTypa TUTa-
Ha MIPY HACBIIICHWHU BOJOpOJIoM HccienoBana Ha qudpakromerpe PDIFFBeamline [11]. Takxe npu-
MEHSUTHCh MeToJbl onTrueckoi (mpubop OLYMPUS) u ckanupyroriein mukpockonuu (Philips SEM
515). Ananu3 pacrpeneneHus BOJA0PoAa B 00pasiax 1o rryOruHe A0 U TOCIe HACBIIESHUS TPOBOTUIICS
Ha npubope Profiler-HTP — Profiler-2. Buxpebie Toku uzmepsinu Ha npudope 3MA (I'epmanusi) Ha
yacrorax ot 2,5 k' go 10 MI'u. Kanubposanu npudop Ha stanone ¢pupmel ARMI (sranon IARM
178B:Ti-6Al-6V-2Sn / UNSR56620), a Takxke Ha 00pa3max U3 MeJu.

JKcnepuMeHTAIbHbIE Pe3yJbTAThl U UX 00CyKIeHHe

HccnenoBanust cTpyKTYpbl HAaBOJAOPOKEHHBIX METAJUIOB MO3BOJISIOT C/ENATh PSJ BHIBOJIOB O
HAJIMYHUU 3aBUCUMOCTH MEXy COEp)KaHHEM BOJOPOJa M COMPOTHBICHHEM HaBOAOPOKEHHOTO Marte-
puana Ha pa3HbIX TyOuHax. Ha puc. | moka3aHsl MUKPOTPEIIUHEI (CIeBa) U KpaTepsl (CIpaBa) Ha To-
BEpXHOCTH THUTaHa mocie 120 muH HaBogopaxkuBanus (ysemwmuenue 1500). U3 puc. 1 caemyer spko
BBIp@KEHHAs] HEOTHOPOIHOCTh PACIIONIOKEHHUSI MUKPOTpPEIIUH 110 (hopme, HaIpaBIeHNIO U riTyOnHe. B
Ka4yecTBe IIPUMepa Ha PUC. 2 MOKA3aHO paclpe/ieleHue BOJ0poa o NIyOrHEe HABOJOPOKEHHOTO THU-
TaHa (JaHHBIC MOMy4eHbl Ha ipodunometpe Profiler-HTP — Profiler-2). B wactHOCTH, Kak cieayeT u3
pHC. 2, OCHOBHAs Macca BOJOPOJa akKKyMyIUpyeTcs B ciioe ToimuHoi 10 0,6 MkMm. B obmem cioyqae
BEJIMYMHA BOLIC/IIErO B TUTaH BOAOPO/IA 3aBUCUT OT BpeMeHH HaBoopokuBaHus. [Ipu HaBogopoxu-
BaHUM 10 MeToay CuBepTca coepKaHue BoJopoJa B 00pa3uax 3aBUCUT OT TEMIIEPaTyphl U BpeMEHU
HaBOJIOPOKMBAHMUS, TIPH 3TOM BOJIOPOJI B 3aBUCHMOCTH OT BPEMEHH HaBOAOPOKHMBAHMS U TEMIIEpaTy-
PBI CIIOKHBIM 00pa3oM pacnpeensercs o rayonne oopasua.

Puc. 1. Mukpotpemunns! (a) U kpatepsl (0) Ha TOBEPXHOCTH TUTaHa nociie 120 MHH HaBOJOpaKMUBa-
Hust (yBennyenue 1500)
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Puc. 2. Pacnpenenenue Bogopo/ia (B OTHOCUTEIBHBIX SAMHULIAX) TI0 TIIyOMHE (MKM) THTAHOBOTO 00-
pasiia mpu ero HaChIIEHUH BOJOPOJIOM B Tpoiiecce tekTpoiaun3a. Tok anekrponu3sa 0,06 A. Hudpsl y
KPUBBIX YKa3bIBAIOT BPEM:I HACBIIIICHHSI B Yacax

Kpome Toro, mpu momnagaHuu BoAOpoOJa B METAILI MPOUCXOAUT NU3MEHEHNE KPUCTAITMYECKON
CTPYKTYPBI, YTO TAK)KE BIUSCT HA 3JIEKTPONPOBOAUMOCTb. M3MEHEHNE KPUCTAIIMYECKON CTPYKTYPBI
THUTaHa MPH HACBHIIEHUH BOJOPOAOM HccaenoBaHo Ha nudpaxtomerpe PDIFFBeamline. {udpaxTo-
rpamMmana puc. 3 oroOpaxkaeT AMHAMHUKY oOpasoBaHus ¢asbl TiH,. L{ndpbl Ha KpUBBIX yKa3bIBAIOT
BpeMs HacwImeHus: BomopoaoM: 1) 0; 2) 5; 3) 15; 4) 45; 5) 60; 6) 130; 7) 170 mun. 13 npuBeneHHON
JuQpakTorpaMMbl BUJHO, YTO IIPY HABOJOPOKUBAHUY B METaJUIe HAa Pa3JIMYHBIX MIyOMHAaX 00pa3yroT-
cs runpuapl TuTana TiH,c pa3muuHbBIM KOTMYECTBOM aTOMOB BOJIOPOJa B MOJICKYJIe TUAPHUIA B 3aBU-
CHUMOCTH OT KOJIMYECTBa BHEAPEHHOrO B MeTail Bojopoaa. Ha nudpaxrorpaMmmax o6 3TOM MOKHO
CYIWTb IO BEJIMYMHE MUKOB, XapaKTEePHBIX Ul ruapunos tutasa [11]. Kpome BpeMeHH HacblleHUs
o0Opa3zoBaHKEe THAPUAOB 3aBUCHT OT TeMIIepaTyphbl HACBIIEHUS 00pa3LoB BogopoxoM. U B ToM u Ipy-
roM ciiydae HaOIoJaeTcsl HepaBHOMEPHOE paciipeiesieHne BOA0poaa o riryouHe obpasia.

3HaYCHMSI aKTUBHOW W PEAKTUBHON COCTABJISIIOIICH COMPOTHUBICHUS BHUXPEBOTO TOKA Ha pa3-
JWYHBIX YacTOTaX U JJIsi PAa3HBIX DHEPrHi OOIydeHUs MPHUBEICHBI B TaOuuIe. XapakTep U3MEHEHUs
COIIPOTHBIICHUS O TIyOMHE 00pa3la CBUIETEILCTBYET O 3aMETHOM KOPPEJSLUN MEXIy BEITHYMHOM
COIIPOTHBIICHUS Ha PAa3IMUHON T1yOHnHEe 00pasia U CTEIeHH 00JydeHHOCTH METaslIa.

Ta6auna. [Tokazanus BUXpeTOKOBOro mpudopa Ajas HUPKOHHS, 00JIyYCHHOTO JIEKTPOHaMu (BbIOOp-

Ka)
Yacrora, | Mcxomuwiii | 15 k3B, 10 JIx | 15 k3B, 18 JIx a

kI Re Im Re Im Re Im MM
50 8,1 10,0 7,8 0,8 8,2 0.9 1,46
200 40,0 | 29,2 | 38,7 28,7 41,2 31.0 | 0,73
450 28,5 | 66,2 | 31,2 65,8 34,2 69,8 | 0,49
600 22,7 | 66,1 19,4 66,1 20,4 70,8 | 0,42
1400 3,1 | 36,3 5,3 34,5 4,1 36,3 | 0,27

Re — akTuBHOC COITPOTUBJICHUE, Im— PCAKTUBHOC COMPOTHUBJIICHUEC B OTHOCUTCIIbHBIX CIMHULIAX; d — IIPUMEPHAas
rny614Ha TMPOHUKHOBEHU BUXPEBBIX TOKOB B MCTAJIJT
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Puc. 3. J/Ilunamuka obpazoBanus ¢assr TiH,

Kak cnemyer u3 Tabmuipl, Ha riryouHe 10 1,5 MM cpeqHue ToKa3aTesd 00ydeHHOTO B Heoo-
JY4EeHHOTO 00pa3loB XapaKTePU3YIOTCS OJWHAKOBBIMU 3HAYCHUSMH AKTHBHOTO COIMPOTHBIICHUS H
PE3KO OTIIMYAIOUIMMUCS 3HAUCHUSIMH PEaKTUBHOTO COMPOTHUBIICHUS. DTO MOXKET CBHJETEIbCTBOBATH
00 M3MEHEHUH CTPYKTYphl MaTepuaia. Moaudukaus TOBEPXHOCTH IUPKOHUS MO JeCTBHEM 00Ty~
YEHHsI IMITYJIbCHBIM SJIEKTPOHHBIM ITYYKOM ITOATBEpKIaeTca psaoM uccienoBanuii [10].00myuenue
HMMITYJIbCHBIM 3JIEKTPOHHBIM ITyYKOM HPUBOIUT K MOJU(PHUKALNN TOBEPXHOCTHOTO CIIOSI IIMPKOHUEBO-
ro craa D110, Tiry6uHa MOAMAUIMPOBAHHOrO CIOS TPU IUIOTHOCTH 3Hepruu Eg = 18 Jix/cm’,
ompenencHHas ¢ momoimsio POM (puc. 4), okazanacek pasHa 2,3 MiM. [Ipu o6myduenun UDII, B 3aBu-
CUMOCTH OT BEJIMYHMHBI TUIOTHOCTH SHEPTHUHU B UMITYJIbCE TIPOMCXOINT CTIIaKMBaHUE pelbeda M CTPYK-
TYypHpOBaHHUE MOBEPXHOCTH C MOABJICHWEM Ha HEW KPUCTAIIUTOB B BUJIE MPABUIBHBIX HIECTHYTOJbHH-
KOB C pa3MepoM TpaHU OKoyo 6...7 MKM. VIMITyTbCHOE JIEKTPOHHOE OOJy4YeHHE BBI3BIBACT TaKKe
pocT (YKpyIHEHHE) pa3MepoB 3epeH IupkoHueBoro ciwiaga D110 [10]. Drot s¢dekt n3MeHseT 3Ha-
YEeHHUs1 CONPOTUBIICHHUS BUXPEBBIX TOKOB, IPOHUKAIOIIUX HA Pa3HbIe TTyOHHBI METasIa.
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Puc. 4. [ToBepxHOCTH MeTasuia JUIsl Pa3JIMUHBIX SHEPrUuil 00JIydeHHs 3JIEKTPOHAMHU 00pa3LoB CIIaBa
IUpKOHMS: a, 6) 15 Jix/cM’; B, T) 20 Jhx/cm”

Tax Ha rayoune npumepso B 0,5 MM (450 k') HaGmogaeTcst pOCT aKTUBHOT'O CONPOTUBIICHUS
C YBEJIMUYCHHUEM J03bI O0JydCHUS], B TO BPeMs KaK €eMKOCTHOE CONPOTHUBIICHHE OCTACTCS HEU3MEHHbBIM
B IIpeJieax MOTPEUTHOCTH U3MepEHHs. DTH BBIBOBI TIOATBEPKAAIOT BO3MOKHOE MCKAKEHNE KPUCTAI-
JMYECKON pemeTKH NUPKOHHS B mporecce Moaudukanun MOII 3a cyer moBbILIEHHS YPOBHS BHYT-
PEHHUX HamnpspkeHui B mertamie. [Ipn HaBomopoKMBaHUM 0Opa3LOB CIJIaBa HUPKOHUS OJHOH M3 OC-
HOBHBIX PUYHH YCKOPEHHOT'O HAKOIICHHUSI BOJOpOoJa B 00pa3iax MOXKeT ObITh YBEIMYCHHE MIEPOXO0-
BaTOCTH MOBEPXHOCTH, O YEM CBUJICTEIBCTBYIOT PE3yNbTaThl JazepHoi npodunomerpun. CpaBHEHUE
Pe3y/IbTaTOB HAKOIUIEHWsS BOAOPOAa B 00pa3lax, MOBEPXHOCTb KOTOPBIX OO0JydeHA 3JEKTPOHHBIM
IIyYKOM, C UCXOJHBIMHM 00pa3LiaMM MOKa3bIBAeT, YTO B OOIyUYEHHBIX 00pa3lax BOJAOPOAa HAKAILUIMBA-
ercs 3HaunTenbHO MeHblie [10]. Ilpu Bcex nccnenyeMbix BpeMeHax HAaBOAOPOKHBAHHMS MaKCHMaslb-
Has TTyOWHA 3aJleTaHus 3aXBadeHHOTo Ha AedexTax Bojopoaa He mpesbimaer 20 Mxm. s ycraHoB-
JICHUs TIOJIHOW KapTHHBI PE3yJIbTaTOB MOIU(HKALUN MaTepuaja Heo0X0IMMa METOIMKA IT0CIOHHOIO
OIIpeJIeJICHHs COLEPKaHUs BOJOPOIa B METAJLIE.

3akiaoueHne

C pocTOM KOHIIGHTPAIUU BOJIOPOJIA B JIETKHUX cIiaBax oT 5 1o 340 ppm HaOmromaeTcst oOpa-
30BaHHE THAPHUIOB. DTOT MPOILECC COMPOBOXKAACTCS U3MEHEHHEM COIMPOTHBIICHUS BUXPEBBIM TOKAM
MPaKTHYECKH Ha BceM nuamnaszoHe 9actoT ot 50 mo 10 MI't no konuentpamuu 200-240 ppm, mocie
YEero MPOUCXOANT YMEHBIICHHUE CONMPOTHBIICHUS M COOTBETCTBYIOIIEE BO3PACTAaHHE BUXPEBOTO TOKA
NPY NMPAKTUYECKH TTOCTOSIHHOM MarHUTHOW NpoHunaeMocT. O0ydeHne MaTepralioB ITOTOKOM DIIEK-
TPOHOB ¢ BBEIECHHOI sHeprueii 15-20 J[k/cM” CO3/aeT 3aIUTHBIE OTHOCHTEIBHO HABOIOPOKHUBAHMUS
MTOKPBITHS. VI3MEHEeHrne CBOMCTB 00y4eHHBIX METAILIOB HIICHTH(PUIIMPYETCS BUXPETOKOBBIM METOJIOM
Ha yacroTax B amamnazoHe oT 100 kI mo 10 MI'. Oto o0BsicHIeTCS TeM, YTO BOAOPOJA HE TOIBKO
oOpa3yer THJIPHJIbI, HO U CO3JaeT 10J00KUe BOJOPOJAHOTO aHCAMOJIs, B PE3yJIbTaTe Yero U3MEHSICTCS
3JICKTPOHHAS TUIOTHOCTh, BhI3BAaHHAs BHEIPCHHEM IPOTOHOB B PEINETKY W YCHJICHHEM HX BKJaJla B
IIPOBOAMMOCTb. B MpakTH4ecKOM IuTaHe TIOKa3aHa BO3MOXKHOCTh MMPUMEHEHHNST BUXPETOKOBOTO METO/Ia
JUTSL ICCJICJIOBAHUS MUKPOCTPYKTYPhI HABOJIOPOKEHHOIO0 MeTalljla, KOTOpasi MO3BOJISET MMOy4aTh WUH-
(hopMaruio Ui ONEepaTUBHBIX IIeJICH KOHTPOJIS, M JIOTOJHICT METOJbI 3JCKTPOHHOH U PacTPOBOM
MHUKPOCKOITUU ¥ PEHTTEHOCTPYKTYPHOTO aHAIIN3a.
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