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MPUITIOI HOBOI'O MOKOJITHHS HA OCHOBI T'AJITIO: PEI'YJIbOBAHA
JUDY3IA TA IIPUCKOPEHE TBEPJAHEHHS 3A TOITOMOI'OIO
3AJII30-HIKEJIEBUX CIIJIABIB

I'nymxkosa /1. B., Boauyk B. M.?
IXapKiBCBKHﬁ HaLiOHAJbHUI aBTOMOOJILHO-10POKHI YHiBepcuTeT
ZHpI/IIIHiHPOBCLKa JAep:KaBHa akajJeMisi OyJiBHULITBA Ta apXiTeKTypHu

AHOTAaNIA. V pobomi docniddnceno cnocobu 600CKOHANEHHS HUZLKOMEMNEPAMYPHUX NPUNoie Ha 6a3i
2anito 3a 00NOMO2010 000ABAHHA 3ANi30-HIKele8UX HANOBHIO8AYIE. 3pOCMAHHA NONUMY HA MEXHON02i
CKIAOaHHA 0e3 3HAYHO20 HASPIBAHHA (eleKMPOHIKA, SHYYKi cXeMu, MIKPOCEHCOpU) CMUKAIOMbCa 3
00MedHCeHHAMU 2ANIEBUX MAEPIANiE: X azpecusHy 63acmooilo 3 Memanamu, NOSiPUeHHs 3MOUYB8AHO-
cmi uepe3 OKCUOHI Nii6KU Ul HAOMO NOGLIbHE 3amMEepOinHA 3a KIMHAmMHOI memnepamypu. Y npoyeci
eKcnepumenmis us4eHo 83acmodilo piokozo 2auito ma onosa 3 yucmumu Fe, Ni, a makooic cniagamu
36H ma 50H. Busenerno, wo 6 cucmemax iz 2auiem weuoKicms peakyitnoi ougysii 3nauno nepesuuyye
AHANI0TYHI NOKA3HUKU OJ1s 07108 siHuUX cucmem. [Ipodemoncmposano, wo niobip cniesionowenns Fe/Ni
Y HANoBHI08AYI 04€ 3M02y eheKMUBHO Kepysamu KiHemuKow YmMEOpeHHs iHmepmMemaniois: cniasu 3
RIOBUWEHUM GMICMOM HIKeNH0 NPUCKOPIOIOMb 3ameepOiHHsa nacmu, mooi K sHudcerutl eémicm Ni
cnpusic cmabinizayii cmpykmypu i RIOBUWEHHIO eKChayamayiunol Haodiunocmi. [locsenymi pe3yib-
mamu 8i0KpUBArOMb NEPCHEKMUBU CIMBOPEHHSI KePOBAHUX (PYHKYIOHAIbHUX 2dNi€8UX NAcm 015 cydac-
HOI MIKpO- Ul HAHOENeKMPOHIKU.

Knrouoei cnosa: zaniti, npunoi, mamepianu, Hikelb, iHMmepmMemaniou, CmpyKkmypda, HaHOeIeKMPOHIKA.

Beryn

[Tactn Ha OCHOBI ranito AalOTh 3MOTY CTBO-
proBaTH 3’€THAHHS PI3HOPIAHMX MaTepialiB 3a
KiMHATHOI TeMrepaTypu W 3a0e3eYnTH BUCOKY
€JIEKTPOTIPOBIIHICTh, TEPMETHYHICTh Y BaKyyMi,
a TaKOXX HEOOXITHUI KOMIUIEKC MEXaHIYHUX
BJIACTHBOCTEH 1 CTaOLIBHY POOOTY Takux 3’€l-
HaHb HAaBiTh 3a MiJBHIIEHUX TeMrepaTyp. HuHi
rajieBi MacTy MUPOKO 3aCTOCOBYIOTHCS B CHIIO-
Bilf €JIEKTPOHIIli, MaTepiajax /sl TEIUIOBUX iH-
tepdetici, MikpoceHcopax, MEMC-cuctemax, a
TaKOX y aJUTHBHUX TEXHOJIOTiAX (MIpsiME HaHe-
CeHHS, JpYyK pigkumu Mmeranamu). Came Tomy
JOCIT/DKEHHSI TalieBUX IMIPUIOIB 13  3aii30-
HiKEJIeBUMH HAIOBHIOBAYAMH € OJJHHM i3 aKTya-
JbHUX, TMEPCIEKTUBHUX 1 Cy4acHUX HAIPSMIB Y
MaTepiajJO3HaBCTBI Ta MIKPOEIEKTPOHIII.

AnaJji3 myOaixanii

Y po6orti [1] 3ampornoHOBaHO OTIISA KOHIIETI-
il «Mar”HiTHUX pigkux Metaniy (MLM): omm-
CaHO CIOCOOM OTPUMAHHA TATI€BUX PIIKUX Me-
TaiB i3 pepoMarHiTHUIMHU YaCTUHKAaMU, iX (izu-
YHi BIACTUBOCTI, a TAKOX MPHUKJIAANA TPAKTHYHO-
ro BUKOpHUCTaHHsS (mepecyBaHHS, (OpMyBaHHS
CTPYKTYp, M’SIKi poOOTH). ABTOpPH JETaJbHO
aHaNi3y0Th, K no0aBku Fe i Ni BrumBaroTh Ha
MAarHITHI Ta PEOJIOTIYHI BIACTHUBOCTI TAKUX TACT.

VY nyOuikaiii [2] po3rIsSIHYTO MOEIHAHHS Pi-
nKoi ramieBoi ¢as3u i3 TBEpAMMH YaCTHHKaMU U

MOJIMEPHAMH MAaTPHUISIME; OIMCAHO BIACTUBOC-
Ti OTPUMaHHX MartepiajiB, METOAM iX IHKarcy-
namii Ta TexHomoril Apyky. Lle BimkpuBae MOX-
JMBOCTI JUIsl CTBOPEHHsI macT i3 TBepauM Fe/Ni-
HaIOBHIOBaYEM.

HocmimkenHs [3] mpuUCBIYEHO €KCIIEPUMEH-
TaJIbHOMY BUBUEHHIO B3a€MOJII Trajiiio 3 peaib-
HuMH Metamizamiiianmu mapamu (Cu/Ni/Pd Ta
Cu/Ni/Au). TlokazaHo MexaHI3MH BHTpa4YaHHS
Oap’epHoro mapy Ni, YTBOpeHHS iHTepMeTaIid-
HUX (a3 Ta iX BIUIMB Ha HAJlIHHICTh HU3BKOTEM-
nepaTypHUX MassHUX 3’ €THAHb.

VY crarTi [4] HaBeneHO MPUKIIA] BUKOPUCTAH-
HS TaJlil0 Pa3oM i3 BYIJIELIEBUMH HAIlOBHIOBaYa-
MU 7151 3D-1pyKy MPOBITHUX KOMITO3HTIB; JieTa-
JFHO OIMCAHO PEOJIOTiYHI BIACTUBOCTI Ta TMpPH-
JaTHICTh A0 0OpoOJieHHA. 3amponoHOBaHY Me-
TOJIONIOTII0 MOYKHA aJanTyBaTd JUIsi BBEJCHHS
MeETaJIeBUX HaloBHIOBauiB ThIy Fe/Ni.

[Ipamro [5] mpucBsiueHO PO3POOIICHHIO IMac-
TONOMIOHMUX TaJiEBUX KOMIIO3UTIB 13 BUCOKHUM
BMicTOM yacTHHOK (Gaz20s), 1o 3amobirae BUTI-
KaHHIO Martepialdy. ABTOpH pOOJATH BaKJIUBI
BHUCHOBKM IIOZI0 30€peKeHHS NacTONoi0HO1
KOHCHCTEHIIIT Ta 3a0e3leueHHsT BUCOKOI TEIUIOIN-
POBITHOCTI.

Y pocmipkeHHI [6] PO3TISIHYTO B3a€EMOJIIO
rajifo 3 IMOBEPXHSMH IEPEeXiJIHUX METaiB Ha
atoMHOMy piBHi. lle nae rnubine po3ymiHHS
NpoIeciB 3MOYYBaHHA Ta (OPMYBAaHHS IHTEP-
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deficinx ¢a3 y pasi 3acrocyBanHs Fe/Ni-
HATIOBHIOBAYiB.

VY cydvacHii HayKOBO-TeXHIUHIH JliTepaTypi e
He c(hOPMOBAHO UITKHX, OOIPYHTOBaHUX pEKOMeE-
H7AAIIH IIOJ0 CKOPOYEHHS 4Yacy 3aTBEpIiHH,
PO3IIMPEHHST TEMIIEPaTypHOTo Aiala3oHy 3aTBep-
JHHS Ta TIABUIIEHHS eKCIUTyaTaliifHIX BIaCTH-
BOCTel ranmieBux npunoiB. CaMe Ii TMTaHHS CTa-
HOBJIATH KITIOUOBI CYYacHi HAyKOBi BHKIHUKH [7,
10, 13].

MerTa i 3aBJaHHSA JOCTIIKEeHHS

MeTor0 TOCHIIKEHHS € IPHCKOPEHHS MpolIe-
Cy 3aTBEpIIHHS Talli€BUX MasIbHUX IacT, PO3-
HIMPEHHS Jiana3oHy TemIeparyp, 3a SKAX Bil-
OyBaeThCs HafliliHE TBEPAHEHHS, a TAKOX CYTT€E-
B€ TTOKPAIICHHS eKCIUTyaTallifHAX BIaCTHBOCTEH
OTPUMAHHX 3’€JHaHb. JIOCATHEHHS LIUX PE3YJib-
TaTiB JacTb 3MOTY CQOpMYyBaTH KOHKPETHI
MPAaKTHYHI PEKOMEHJAMii IMOJ0 3aCTOCYBaHHS
HU3bKOTEMIIEPATYpPHUX TEXHOJOTIH CKIJIaJaHHS,
CTBOpEHHS! (PYHKIIOHATBFHHUX IPHIIOIB, PO3POO-
JICHHSI KEPOBaHUX MAacT JUIS TOTPed MiKpOECIEKT-
POHIKHM ¥ TiJBHINEHHS MEXaHiYHOI MIITHOCTI Ta
CTaOUILHOCTI TANIEBUX MASHUX 3’ €IHAHD.

Jns peamizanii okpeciieHOi METH BHU3HAYEHO
TaKi OCHOBHI 3aBAaHHS:

- IPOBECTH KOMILIEKCHE BUBUCHHS Ta 00Ipy-
HTOBaHUH BIiAOIpP 3alli30-HIKEJIIEBUX CIUIABIB SIK
e(heKTUBHUX HAIOBHIOBAYIB I TaJi€BHX Masi-
JBHUX T1aCT;

- BCTAaHOBUTH KJIFOUOBI MapaMeTpu B3aeMOJIil
Ta i1eHTH(}IKyBaTH NPOIYKTH, 10 YTBOPIOIOTHCS
B TIporieci Tudy3iitHOTO TBEpTHEHHS.

Marepiaj i MeToaM T0CTiAKEHHS

O06’exToM nocipkeHHsT € audys3iiHo-3aT-
BEp/IiBar0Ui MPHIIOI Ha OCHOBI Tallif0 Ta Pi3HO-
MaHITHI KOMIIO3UTHI KOMIIOHEHTH, 110 MICTSTHCS
B iX ckimami.

[penver mocmimkeHHs — (Hi3UKO-XiMiYHI 3a-
KOHOMIPHOCTI Tporiecy Iuy3iHHOrO TBEPIHEHHS
rajieBUX MPHIIOIB, a TAKOXK XapaKTep BIUIMBY CIie-
[MiaJIbHUX KOMITO3UTHHX JI00aBOK Ha MIKPOCTPYK-
TypY, MEXaHIuHI TOKa3HWKA ¥ eKCILTyaTalliiiHi
BJIACTUBOCTI CPOPMOBAHHMX 3 €/THAHD.

Po0Ooua rinores3a I0CIiDKEHHS TIOJATaE B TO-
My, IO IIJIECTIPSIMOBAHE BBE/ICHHS MEBHUX KOM-
MO3UIIIMHUX JT00ABOK Yy TAJIIEBI MPUIIO] JIa€ 3MOT'Y
eeKTHBHO KepyBaTH TporiecaMu JuQy3iiiHOrO
TBEPOHEHHS, CYTTEBO 3MEHUIYBAaTH KPUXKICTh
MiK(pa3HUX MIapiB 1 MOMITHO MiJIBUIIYBaTH MeXa-
HIYHY MIIHICTh, @ TAKOX JOBrOTPHUBAY CTAOLIb-
HICTh OTPUMaHUX MasHUX 3’ €HaHb [8, 11, 12].

OcHOBHE NUPUIYIICHHS AOCHIPKEHHS: BaX-
JUBHM MeEXaHi3MOM JU(Y31HHOTO TBEPAHEHHS €

B3aeMHa mu(y3ig aTOMIB Talil0 Ta Marepiamy
OCHOBH (MeTaiy), IO MPU3BOAMUTE 10 YTBOPEHHS
IHTEpPMETANIYHUX CIOYK.

st cripoIieHHsT aHalizy MPUIHATO, M0 MiK-
pPOCTpyKTypa Mik(a3zHHX LIapiB y MeXax KOX-
HOT okpeMoi (a3u € OMHOPITHO, O3 OrJIsAAy Ha
JIOKaJTbHI KOJMBAHHS XiMIYHOTO CKianxy. Brmus
MOBEPXHEBOTO OKHCIICHHS, 3a0pyaHeHb abo
MIKpPOTpIIIMH BBaXKA€TbCs ab0 He3HauyHUM, abo
TaKHUM, IO M/UIATae KOHTPOIIO B yMOBAX €KCIIe-
PHUMEHTY.

Y po0oTi BHKOPHCTAaHO EKCICPUMEHTAIBHI
(hi3UKO-XIMiIYHI METOMIH, 30KpeMa BUMIPIOBaHHS
MIKPOTBEPAOCTI, a TAaKOK METOJ CHeproIHCIIep-
CIfHOTO MiKpOaHaJli3y Ui BU3HAYCHHS €JIEMCH-
THOTO CKJIaJly BUXITHUX MaTepiajiB i 30H nudy-
3iitHOT B3aemomii [9].

[IpoBeneHo cepiro eKCIIepUMEHTIB i3 BUBUCH-
HS1 (a30yTBOpPEHHS MiA 4Yac KOHTAKTY PiAKOTrO
rajiro Ta 0JIOBAa 3 YUCTHMHU 3aJli3aMU, HIKEJIEM, a
TaKOX 3aTi30-HiKeJIeBUMH CIUIaBaMu Mapok 36H
ta S0H. ¥V mporeci KOCTiPKeHHS BCTaHOBJICHO,
IO 3pOCTaHHS HTEPMETATIYHUX IApiB HE 3aB-
KOV HUISITAaE KITACHYHIA MapaOoiyHii 3amex-
HOCTI BiJl TOBHIMHY IIapy i 4yacy KOHTAKTY.

[Micns po3paxyHKy MapaMeTpiB peakiiiHol
nmudy3ii BUSBIEHO, MO e()eKTUBHI KoedillieHTH
peaxuiitHoi nugy3sii B cucremax Fe-Ga ta Ni-Ga
3HAYHO MEPEBUIIYIOTh BiAMOBIIHI 3HAYCHHS JIJIs
cucreM Fe-Sn Ta Ni-Sn.

Kpim Toro, mokazaHo, 1o B yMoBax B3a€MOIi1
3a11i30-HIKeJIeBHUX CIUIABIB 13 PiJKUM TallieM 1HTe-
HCHBHICTh YTBOPEHHSI HOBHX (ha3 IiJIsArae mijec-
NPSIMOBAHOMY PETyJIIOBaHHIO. 30KpeMa CIUIaBH 3
MIIBUIEHAM BMICTOM HIKENIIO B CKJIAJl TaJIlEBUX
NasyIbHUX TACT MOKYTh BUKOHYBATH POJIb TPHUC-
KOpIOBaYiB 3aTBEPIiHHSA, TOJI SK CIUIaBH 3 MEH-
mmM BMmicToM Ni cripusitoTh crabinizamii cTpyk-
TYPH Ta MiJBUICHHIO HAIIHHOCTI 3’ €IHAHb.

ExcnepumeHTa/IbHI pe3yabTaTH
Ta iX 00roBOpeHHA

Jlyi1 BUTOTOBJICHHS JIOCITIJIHUX 3pa3KiB BUKO-
PHUCTOBYBAIMCS TaKi KOMIIOHEHTH: Talidi MapKu
I'J1-0, omoBo mapku OBY-000, gucre 3aimizo, guc-
TUH HIKENb, a TAKOXK 3aJIi30-HIKEJIEBI CIUIaBU Ma-
pok 36H ta S0H.

[loyaTkoBi 3pa3Ku TOTYBAJIKCS y JABOX OCHOB-
HUX (hopmax:

— IUTaCTUHYACTI KOHTaKTH po3Mipom
10x10 MM 1 3aBTOBIIKK 4 MM, BUTOTOBIICHI 3 YKC-
TOTO 3aiiza ¥ HIKeo, SIKi 3roJIOM 3MOYyBAITUCS
PIIKKAM OJIOBOM 200 rajiem;

— Kpyryi 3aroToBku JiamerpoMm 10 mMm (criaB
36H) Ta 8 Mm (crmaB S50H) 3 nieHTpabHUM 3arIH-
OJICHHSIM JTiaMeTpoM 4 MM 1 3aBIJIMOIIKH 5 MM,
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NPHU3HAYCHUM I 3aJIMBAHHS PIIKOro oJioBa abo
Traiio.

Ilicns 3mMouyBaHHA (200 3aMMBaHHS) 3pa3sKu
MiIgaBaMCS 130TEPMIUHI BUTPHMII BIIPOIOBK
10-50 rox 3a Temneparyp 300 °C ta 500 °C. Jlami
3 HUX TOTYBaJMCs LUTIH JJIsl IPOBEACHHST MeTa-
norpadiqHUX Ta IHIINX BHIIB aHATI3Y.

nidwm micns TepMidYHOrO OOPOOICHHS JTOCITi-
JUKYBJICSL Ha ONTHYHOMY MIKpOCKOMi Axio
Observer. OcHOBHE 3aBHaHHS MeTaiorpadiqHoro
aHai3y TOJSTAN0 Y BU3HAYEHHI KUTBKOCTI, (POpMHU
1 TOBIIMHYU AUQY31HUX MIAPIB, IO YTBOPHIIUCA.

Jns BUSBIEHHS MIKPOCTPYKTYPH OCHOBHOTO
MeTaly ¥ HOBOYTBOPEHHX (ha3 3aCTOCOBYBAIOCS
TpaBJIEHHS PO3YMHOM Takoro ckinanxy: H.02— 5 mi,
NH+OH — 25 vz, H20 — 20 m.

IomepenHiit orisany MikporutiiB TPOBOAUBCS
Ha ontuyHOMY Mikpockomi Carl Zeiss Jena 3a
36utbieHHsAMH Big %200 1 Bume. JleranbHirie
BHBYCHHSI 3[IMCHIOBAIIOCS HA PACTPOBOMY EJIEKT-
porHomy Mikpockoni JEOL JSM-7001F 3a ymosu
nprcKoproBanbHOi Hanpyru 10 Ta 15 kB 1 pisHuX
CTYTICHIB 301JIbILICHHSI.

Posmonin XiMiYHMX €JeMEHTIB y TepeximaHii
30HI aHaIi3yBaBCs 3a JIONIOMOIOI0 €HEproauciep-
ciiiHoro cnektpomerpa. JleTekTop crekTpomerpa
Jla€ 3MOTY OJTHOYAacHO peecTpyBaty 10 50 exemeH-

TiB, 3a0e3Mevyour aHali3 eIeMeHTiB Bijx 0opy (B)
1o ypany (U).

MixkpocTpyKTypy nepexigHux 30H, chopmoBa-
HUX Ha 3pa3Kax 3ali3a i HiKeIro MClsl KOHTAKTY 3
PIOKMM OJIOBOM, TMOJaHo Ha puc. 1. MikpocTpyk-
Typy iHTepMeTamiuHux (a3, MO YTBOPWIMCA HA
3pasKax 3ajri3a i HIKeJFO MiCIIsl B3aEMOZI 3 PiKIM
rajieM, 300paykeHo Ha puC. 2.

MikpocTpykTypy nudy3iiHOro mapy Ha 3pa-
3Kax 3ajizo-HikemneBux cruraBiB 36H (36 % Ni —
64 % Fe) ta S0H (50 % Ni — 50 % Fe) micns
KOHTaKTy 3 PIIKUM TallieM MPOJEMOHCTPOBAHO
Ha puc. 3.

MikpoTBepicTh BH3HAuajaca Ha MPUIAIL
[IMT-3 wmeromoM BAABIIOBAHHS TETPAaCAPUUHOL
anMasHol mipaminy Bikkepca mmij HaBaHTaKESHHIM
100 r. KoxxHe 3Ha4eHHS BUMIPIOBAIOCS HE MEHIIIe
HDK Tpudi, Ui PO3paxyHKy Opajocs ceperaHe
apudmernure. MIKpOTBEpAICT, BUBYATACH Y3-
JIOBXK TIOMIEPEeYHOro Tepepizy 3pa3ka — Bif Kparo
(ocHOBHHMIT MaTepian) 10 30HH B3aeMomii (audy-
3iiHMI map Ta iHTepMeranian). Ha puc. 4 mogaHo
rpadiki po3noALTy 3HaYeHb MIKPOTBEPIOCTI BHA-
CIIZIOK TIEPEXOy BiJl OCHOBHOT'O METally A0 iHTe-
pMeTanivHol (asm.

Puc. 1. InTepMeraniiHuii map, OTpUMaHUN Ha 3pa3Kax:
a, 6 — BiINOBIAHO, Ha 3pa3Ky 3aji3a i HiKeJo MicIs KOHTAKTY 3 0JI0BOM 3a Temneparypu 500 °C,
yac BUTPUMKH CTaHOBUTH 50 rof; 6, 2 — Ha 3pa3Ky 3ai1i3a i HIKENIO Mic/sl KOHTAKTy 3 OJIOBOM 3a
temmepatypu 300 °C, yac BUTpUMKH CTaHOBHUTH 50 roj
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Puc. 2. [aTepMeTanifHUH map, OTpUMAaHAN Ha 3pa3Kax:
a, 0 — BIANOBIHO, Ha 3pa3Ky 3ajli3a i HIKeJo MiCIs KOHTAKTY 3 rajlieM 3a TeMIlepaTypu
500 °C, yac BUTpUMKHU CTaHOBUTH 50 Tof; 8, 2 — BIIMOBIIHO, HA 3pa3Ky 3aJli3a i HIKENO Micisl
KOHTaKTy 3 rajiem 3a temnepatypu 300 °C, yac BUTPUMKH cTaHOBUTH 50 rog

"

-
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Puc. 3. MikpoctpykTypa audy3iiiHOTO mapy, OTpUMaHOro Ha 3pa3Kax:
a, b — BignosigHo, criaB 36H 1 S0H micns 3ModyBaHHS pigkuM rajgieM 3a temmnepatypu 500 °C,
yac BUTPUMKH CTaHOBUTH 50 rof; ¢, d — BianosiaHo, ciutae 36H i SOH micis 3MouyBaHHS PiAKKM
raniem 3a Temnepatypu 300 °C, yac BUTpUMKHM cTaHOBUTH 50 T01
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Puc. 4. 3mina mikpoTBepaocTi Ha MixkdazHii mexi Fe-Sn:
a — 3a Temneparypu 500 °C; 6 — 3a remneparypu 300 °C

Kpim Toro, orpumano iHdopmariito mpo 3MiHy
MIKpOTBEpAOCTI Ha (Pa30BUX MEKax:

— y cucremi Fe-Ga 3a Temneparyp 300 °C ta
500 °C;

— y cucremi Ni-Ga 3a Temneparyp 300 °C ta
500 °C;

— y cucremi S0H-Ga 3a Temneparyp 300 °C
ta 500 °C;

— y cucremi 36H-Ga 3a Temneparyp 300 °C
Ta 500 °C.

- aza FesGas — npubausuo 61 mac. % Ga ta
39 mac. % Fe.

4. BusHayeHHs eJIeMeHTHOrO i ¢a3oBoro
CKJIaTy MPOAYKTIB B3a€MOJIii METOOM eHep-
roAMcHepciiHOro MikpoaHaJizy

Kpok niHiiiHOTO CKaHyBaHHSI CTAHOBUB 3 MKM.
3a pe3ynbTaTaMy MPOBEJICHUX BUMIpIOBaHb OYIO
noOymoBaHo Tpo(ili KOHIEHTPAIiiHOTO PO3MO-
JITy XiMIYHHX €NIEMEHTIB Y3JIOBX JIiHil aHamizy
(MoKa3HUKU ~ OOpOOJSIMCS B CEPEIOBHIII
Microsoft Excel).

[lopiBHSIHHS OTPHUMAaHUX KOHIEHTPALIMHUX
KpUBHX (pHC. 5) 3 BIANOBIIHUMH diarpamMamu 0 5 L R T

Composition scan line, pm
crany cuctemu Fe-Ga nano 3Mory oJHO3Ha4HO
1IeHTU(IKYBaTH YTBOPEHi iHTepMeTaniuHi as3u: g

a

——Fa
——Ga

& B B B

b

Elemint concentration, %
&

(=]
[

FeGas i FesGaa.

Cknag 1Mx CHOJyK J10Ope Y3rofKyeThes 3
MOKAa3HUKAMU JliarpaMu:

- ¢aza FeGas — npubmmzno 78,4 mac. % Ga
Ta 21,6 mac. % Fe;

Puc. 5. EnextpoHHO-MiKpOCKOTIYHE 300paxeH-
Hs iHTepdericHoi 30uu cucremu Fe-Ga (a) Ta
KPHBI pO3IOJIiTY KOHIIEHTpAIlill eIeMEHTIB y3-
JIOBXK JIiHi1 ckanyBaHHs (0); macmrad x5000,
TiHIMHUHI CHIEKTpaJIbHUM aHaJIi3, KPOK 3 MKM
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JlomaTKoOBO OTPUMAHO [JETANIbHI EIEKTPOHHO-
MIKPOCKOMIYHI 300paKEHHSI TEepeXiTHUX 30H Yy
cucremax 36H-Ga ta 50H-Ga, mo mamo 3mory
Bi3yaJlbHO OLIHUTH MOPQOJIOTilo, TOBLIMHY Ta
CTPYKTYpY IHTEpMETATIYHHX IIapiB Y IIUX CIUIABAX.

BucHosku

YV mpormeci JOCTiHKEHHS MeTalhbHO BHBYCHO
KIHETUYHI OCOOJIMBOCTI yTBOpeHHs (a3 ImiJ Jyac
B3aEMOJIII PITKOTO TaliI0 Ta 0JIOBA 3 YHUCTHUMH
3aj1130M, HIKEJIEM, a TaKOXK 3aji30-HIKEJIEBUMH
crutaBaMu Mapok 36H Tta 50H. VYcranosneHo,
0 3POCTaHHS IHTEPMETAIIYHUX IapiB 31e0i-
JBIIOTO HE MiAJsArae KIacW4Hil mapaOoiiuHii
3aKOHOMIPHOCTI 3aJIe)KHOCTI TOBIIMHH AU(Y-
31{HOTO IIapy BiJ] TPUBAIOCTI KOHTAKTY.

JoBeneHo, 1m0 iHTEHCUBHICTH ()a30yTBOPEH-
HS B CHCTEMaXx i3 PiIKHM TajlieM MOXHa edek-
TUBHO PEryJIIOBaTH CIIOCOOOM BHUKOPUCTAHHS
3aJ1i30-HIKEJIEBUX CIUIABIB SK HAIOBHIOBAYiB.
30KkpeMa BBEJCHHS JI0 CKIIAJy Tali€BUX Masiib-
HMX [AaCT CIUIABIB 13 IJBHIIEHUM BMICTOM Hi-
KeJIo 3a0e3reuye MPUCKOPEHHS MPOIIeCy 3aTBe-
PAIHHS, TOAI SIK 3aCTOCYBaHHS CIUIaBiB 13 BiJHO-
CHO Hu3bKUM BMicToM Ni crpusie ctaOimizamii
CTPYKTYpH ¥ TIiNBHINEHHIO eKCIUTyaTamiiHol
HaJIMHOCTI chopMOBaHUX 3’ €THAHB.
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Gallium-Based Solder Pastes of the New
Generation: Controlled Diffusion and Accelerated
Solidification through the introduction

of Iron-Nickel Alloy Fillers

Abstract. Problem statement. The rapid development
of low-temperature assembly technologies for flexible

electronics, wearable devices, loT sensors, MEMS,
and 3D-printed electronics has significantly in-
creased the demand for solder materials with melting
points close to room temperature. Gallium-based
pastes offer unique advantages — room-temperature
joining of dissimilar materials, high electrical and
thermal conductivity, vacuum tightness, and opera-
tional stability at elevated temperatures. However,
their practical application is severely limited by
several critical drawbacks: aggressive corrosion of
many metals by liquid gallium, poor wettability due
to rapid surface oxidation, and excessively slow
solidification (curing) at ambient conditions, which
can take from hours to days. These issues make gal-
lium pastes unreliable for industrial-scale production
and long-term operation without additional control
over the hardening kinetics. The absence of clear,
substantiated methods for accelerating and stabiliz-
ing the solidification process remains one of the key
unsolved challenges in modern functional solder
development. Purpose and objectives. The aim of the
present study is to develop approaches for controlla-
ble acceleration of solidification and improvement of
performance characteristics of gallium-based solder
pastes through the introduction of iron—nickel alloy
fillers (36N and 50N grades). To achieve this goal,
the following tasks were set: Perform a comparative
experimental study of phase formation kinetics dur-
ing the interaction of liquid gallium and tin with pure
Fe, Ni, and Fe-Ni alloys (36N and 50N) under iso-
thermal conditions at 300 °C and 500 °C. Determine
the main products of reactive diffusion (intermetallic
phases) and calculate the effective coefficients of
reactive diffusion in the systems Fe-Ga, Ni-Ga,
Fe-Sn, and Ni-Sn. Establish quantitative relation-
ships between the nickel content in Fe-Ni fillers and
the rate of new phase formation, enabling the use of
these alloys as controlled solidification accelerators
and structural stabilizers. Materials and research
methods. The object of the study was diffusion-
hardening gallium-based solders and composite
components used as fillers. The materials included:
gallium (GL-0 grade), tin (OVCh-000 grade), pure
iron, pure nickel, and iron-nickel alloys 36N
(36 % Ni — 64 % Fe) and 50N (50 % Ni — 50 % Fe).
Experimental samples were prepared in two geome-
tries:10 x 10 x 4 mm contact plates of Fe and Ni
wetted with liquid Ga or Sn; cylindrical blanks
(O 10 mm for 36N and @ 8 mm for 50N) with a cen-
tral cavity (@ 4 x 5 mm) for pouring liquid metal.
Isothermal holding was carried out for 10—50 hours
at 300 °C and 500 °C. Metallographic analysis was
performed using optical microscopy (Axio Observer,
Carl Zeiss Jena) and scanning electron microscopy
(JEOL JSM-7001F, 10-15 kV). Elemental compo-
sition and phase identification in diffusion zones
were determined by energy-dispersive X-ray spec-
troscopy (EDS) with 3 um scanning step. Microhard-
ness was measured using the PMT-3 tester (Vickers
method, 100 g load). Results and discussion. It was
found that the reactive diffusion coefficients in the
Fe-Ga and Ni-Ga systems are significantly higher
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than in the corresponding Fe-Sn and Ni-Sn systems.
The growth of intermetallic layers does not always
follow the classical parabolic time dependence. In
the Fe-Ga system, the phases FeGas (=78.4 wt.% Ga)
and FesGas (=61 wt.% Ga) were reliably identified.
The rate of new phase formation in the (Fe-Ni)-Ga
system strongly depends on the Ni/Fe ratio in the
filler: alloys with higher nickel content (50N) notice-
ably accelerate the solidification process, while al-
loys with lower nickel content (36N) promote more
stable and less brittle intermetallic layers. Micro-
hardness measurements across the diffusion zones
confirmed systematic changes in mechanical proper-
ties at the interfaces, with the most pronounced har-
dening effect observed after interaction with gallium
at 500 °C. The obtained results indicate that Fe-Ni
fillers can be used as effective kinetic regulators —
accelerators at high Ni content and stabilizers at
moderate or reduced Ni content. Conclusions.
The study demonstrates that the introduction of iron-
nickel alloys (36N and 50N) into gallium-based sold-
er pastes enables effective control over the solidifica-
tion kinetics and intermetallic layer formation. High-
er nickel content accelerates hardening, while lower
nickel content improves structural stability and re-
duces brittleness of the joint. The reactive diffusion in
Ga-containing systems proceeds significantly faster
than in Sn-based analogs, and the deviation from
parabolic growth kinetics opens possibilities for fine-
tuning the process parameters. The proposed ap-
proach offers a practical pathway for creating func-
tional, fast-curing gallium pastes suitable for low-
temperature assembly in modern micro- and nanoe-
lectronics, flexible and wearable devices, and addi-
tive manufacturing technologies. Further optimiza-

tion of filler composition and particle size is expected
to enable room-temperature soldering with curing
times reduced to minutes while maintaining high
operational reliability.

Keywords: gallium solder pastes, low-temperature
soldering, iron-nickel fillers, reactive diffusion, in-
termetallics, solidification control, microelectronics,
functional materials.

Hlushkova Diana', Doct. Sc. (Tech.), Head of the
Department of Technology of Metals and Materials
Science,

ORCID: 0000-0001-8612-6584,

e-mail: diana@khadi.kharkov.ua;

Volchuk Volodymyr?, Doct. Sc. (Tech.), Head of
the Department of Materials Science and Materials
Processing,

ORCID: 0000-0001-7199-192X,

e-mail: volchuk.volodymur@gmail.com.

'Kharkiv National Automobile and Highway Univer-
sity, 25 Yaroslava Mudrogo str., Kharkiv, 61002,
Ukraine.

*Prydniprovska State Academy of Civil Engineering
and Architecture, 24-A O. Petrova str., Dnipro,
49600, Ukraine.

Cmamms naoitiwina 0o peoaxyii / Received:
11.02.2026.

Ipuiinama 0o opyxy nicis peyensysanns / Revised
and Accepted: 19.02.2026.

Hama ny6nixayii cmammi / Published: 11.05.2026.



mailto:diana@khadi.kharkov.ua
mailto:volchuk.volodymur@gmail.com

