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3invko JI. A. Cuctemun Hf-Re—{Al, Si}: ¢a3oBi piBHOBaru, kpucramiuni
CTPYKTYpH Ta BjaacTuBocTi ¢a3. — Kpamidikariiina HaykoBa mpais Ha MpaBax
PYKOIIUCY.

Huceprariss Ha 3400yTTS HAyKOBOTO CTymHeHs JokTopa (imocodii 3a
cnemianbHicTio 102 “Ximia” ramysi 3Hanb 10 “Tlpupognudi Hayku”. — JIbBIBChKHIA

HalllOHAJIbHUM YHiBepcuTeT iMeH1 IBana dpanka, JIbBiB, 2023.

Juceprariitna poOoTa TPUCBAYEHA TOCITIHKEHHIO B3a€MO/IIi KOMIOHEHTIB Y
notpiiaux cuctemax Hf-Re—{Al, Si}, BcraHoBneHHIO (a30BUX piBHOBAr IMpH
1000 °C, BU3HAUEHHIO KPHUCTAIIYHOI CTPYKTYpU TEPHAPHUX CIOIYK, Kl B HHX
YTBOPIOIOTHCS, Ta BUMIPIOBAHHIO OKPEMHUX XIMIYHHX 1 (DI3UYHUX BJIACTUBOCTEH.

[IpoanainizoBaHO JiTEpaTypHI BIJOMOCTI MPO JlarpaMH CTaHy IOJBIMHUX
cuctreM Hf-{Al, Si, Re} i Re—{Al, Si} Tta norpiitaux cucrem {Ti, Zr, Hf}-
{Mn, Re}{B, Al, Ga, In, C, Si, Ge, Sn, Pb}, cropigueHux i3 AOCIIIKyBaHUMH, a
TAKOX PO KPUCTAIIYHI CTPYKTYPH CIOJYK, III0 B HUX YTBOPIOIOTHCA, Ta 3p00OJIEHO
MPUITYIICHHS 010 B3aEMO/IiT KOMIIOHEHTIB y cuctemax Hf—Re—Al i Hf—Re-Si.

3pa3ku Uil JOCTIKEHb CHUHTE3YBaJU METOJOM CIUIABJISHHS IIUXTH METaJliB
BHUCOKOI YUCTOTH B €JEKTPOJYTOBIM Medl 3 MOAATBIIMM FOMOTEHI3YIOUUM BiANAIOM
npu 1000 °C. T'aduiit, antomiHii 1 KpeMHIM BUKOPUCTOBYBAIIM y BUTJISAII KOMITAKTHUX
METaliB, a TOPOIIOK PEHII0 MpecyBajdu y BUIJSAAI TabneTok. da3zoBuii aHam3 i
BU3HAYCHHS TapaMeTpiB CTPYKTYp BUKOHYBIA 3 BHUKOPUCTAHHSIM MAacCHUBIB
PEHTIeHIBChKMX  AUGPPAKIIHHUX  JIaHUX,  OJCPKaHUX  HAa  TMOPOIIKOBUX
mu¢ppakromerpax JPOH-2.0M (Fe Ko npominns) ta STOE Stadi P (Cu Koy
OpOMIHHS). XIMIYHUW CKJaJ 3pa3KiB Ta OKpeMHuX (a3 BHU3HAYAIM TaKOX 32
JIOTIOMOT'0I0  €HEPrOJMCIIEPCIHHOT  PEHTIeHIBChKOI  crieKTpockomii  (CkaHyrodi
enekTpoHHi Mikpockonu: PEMMA-102-02 3 cnextpomerpom EJIAP 1 Tescan Vega 3
LMU 3 merextopom Oxford Instruments SDD X-Max"20). Mikpotsepmicts a3



Bu3Hauanu Ha TBepaoMipi NOVOTEST TC-MKB metonom Bikkepca. Po3paxynku
€JIEKTPOHHO1 CTPYKTYpH (pa3 3A1HCHIOBANIN 3TiAHO 3 Teopiero (yHKIIOHANIA TYCTUHH
(DFT). TemmnepatypHi 3ajieXkHOCTI  KoedillieHTa TepMO-€.p.C.  BHMIipIOBaIn
MOTCHITIOMETPUYHAM METOJIOM BIJHOCHO Midi, a 3HA4YEHHS EJIIEKTPOONopy —
JBO3OHJOBUM METOJOM. ENeKTpoxiMiuyHe TiIpyBaHHS CIUIaBIB BUKOHYBAIH Yy
JBOXEJIEKTPOAHUX MOJIEISIX XIMIYHHX JKEpell elIeKTpUuyHoi eneprii tumy “Swagelok-
cell”. TigporeHcopOiiiiHi XapakTepUCTUKKA BHUMIPIOBATN BOPOAOBXK S50 3apsa-
PO3PSAHUX LUKIIB.

Ha mingcrtaBi pe3ynpTaTiB PEHTTEHIBCHKOTO (Pa3o0BOro, CHEKTPaIbHOrO Ta
MIKpOCTpYKTypHOro ananiziB 44 3paskiB cucremu Hf-Re-Al mpu 1000 °C
MIATBEPKEHO ICHYBaHHsA |3 OiHapHMX CHOJYK 1 BHU3HAYEHO ICHYBaHHS HOBOL
tepHapHoi crnionyku HfsRe,Al,. Cromyku HfAls, Hf,Al;, HFAI, Hf,Al;, HE;AL, Ta
Hf,Al He pO34YMHSIOTH MOMITHHUX KUTBKOCTEH peHito. Po3umnnicTs Hf y cnomykax
Re4Alsy 75, Re,Aly; 1 ReyAl € Takox HesHaunoro. Y cronymi Hf;Re,s posunnsierses
npubsm3Ho 5 at. % Al. [3oTepmiunuii nepepi3 miarpamu ctany cucremu Hf-Re—Al
Hamiuye 17 omHodasznux, 32 nBodaznux 1 16 Tpudaszuux odbnacreit. Kpucramiuny
CTpYyKTypy  TepHapHoi  cmonyku  HfsRe,Al, BH3HaueHO  PEHTICHIBCHKUM
nupakmiiHUM ~ METOJOM  IMOpOWmIKY: yTouHeHud ckmag  HfsRe;gp3Alh gs(3),
ctpyktypuuii  tan  HfsCuSn;, mpocropoBa rpynma P6i/mem, a=8,0738(6),
c = 5,7012(11) A. Y cucremi Hf-Re—Al Takox icHyloTh 1Ba OOMEXeHi TBepi
posunan HfRes.og51)yAlo-11201) 1 HfAlp.1 7401)R€0.02601) 31 cTpykTypoto tumy MgZn,
(P6s/mmc, a=5,239-5,2443(2), ¢ = 8,584-8,5281(4) A i a=5,250-5,2545(3),
c = 8,680-8,5660(4) A, BixmoBigHO).

[3oTepmiunmii mepepi3 aiarpamu crany cucremu Hf-Re-Si moGynoBanuit y
pesynbTari  gocmimkeHHs 40 3pa3kiB MeToJaMu PEHTIeHIBCBKOTO  (ha3oBOTO,
CHEKTPAJIbHOTO Ta MIKPOCTPYKTYypHOTO aHam3iB. Bin Hamiuye 17 omHodazHux,
34 nBodasznux i 18 tpudasuux obmacrei. Cnonyka Re,Si; nepedyBae y piBHOBa3i 3
HaWOIBIIOI KITBKICTIO OIHAPHMUX 1 TEPHAPHUX CHOJYK. BiHapHI CIONMyKH, OKpPIM

HfsRe,, i HfRe,, mOMITHMX KIIBKOCTEH TPETHOIO KOMIIOHCHTa HE PO3YHHSIOTH.



Jlo 11 at. % Si po3unnsieTscs y cnonymi HfsRey, 1 mo 16 ar. % Si — y HfRe,. Ipu
1000 °C y i cucTemMi PEHTTCHIBCHKUM JTU(PPAKIIHHUM METOAOM IOPOIIKY
HiATBEP/UKEHO ICHYBaHHS 1 YTOYHEHO KpHCTaliuHy cTpykTypy cronyk HfReSi,
(ZrCrSi,, Pbam, a = 9,1271(3), b = 10,0356(4), ¢ = 8,0708(3) A), HfReSi (ZrNiAl, P-
62m, a=6,9240(2), c¢=3,3890(1) A) i Hfigss@RezeSi (HfeMosB, P6s/mmc,
a = 8,5835(12), ¢ = 8,7135(13) A).

Tepnapui cmonmyku cucrem Hf-Re—-Al i1 Hf-Re-Si kpucramizyrorbes y
YOTUPHOX CTPYKTYPHHUX THUIAX 1 MalOTh IIAPYyBaTi CTPYKTYPH. Y Cl TEpHAPHI CIIOIYKH
cuctemn Hf-Re-Si HanmexaTh 0 Ki1acy CTPYKTYp 3 TPHUTOHAIBHO-IIPU3MATHIHOIO
KOOPJAMHAIIIEI0 aTOMIB HaiiMeHIoro po3Mmipy (kmac 10 3rigHo 3 Kiacugikaliero
[L.I. Kpur’sikeBuva). Y crpykrypi cmonmyku HfReSi; MOXHa BHIIIMTH TPU3MH, Y
BepmmHax skux 3HaxoasTbes atomu Hf 1 Re (Hf;Re; 1 Hf;Rey). ¥V ctpykrypi cnionmyku
HfReSi € nBa Tunu npusMm: ojiHI yTBOpEHI BUKIOUHO atoMamu Hf, iHII — atomamu
Re. Tinbku atomu Hf yTBOpPIOIOTH TpPUTOHANBHI MPU3MH Y CTPYKTYpl CHOJIYKH
Hfo26Re274S1. Atomm Re, sk mnpaBwio, IEHTPYIOTh 1KOCaeapu, a aTOMH
Hf — neHTaroHanbHi MPU3MH 3 10IaTKOBUMH aTOMaMH.

BcranoBneHo, 1mo y AOCHIKEHUX cUcTeMax npu mepexoni Bim Al go Si
YCKJIQJHIOEThCS XapaKTep B3a€MOJII KOMIIOHEHTIB. TBEpHICTh 3pa3KiB CHUCTEM
Hf—Re—Al i Hf-Re-Si 3pocrae 31 30i1bIIeHHAM BMICTY peHito B HuX. CIUlaBH, M0
MICTSITh CHIIIIIN, MatOTh OUIBII 3HAYEHHSI MIKPOTBEPIOCTI, HIXK CILJIaBH, 1[0 MICTSTh
amoMiHin (st pasu HfsRe,Al, — 783 HV, mnst hasu HfsRey;Sis — 1675 HV).

TemmnepatypHi 3ajieKHOCTI MUTOMOTO €JIEKTPOONnopy 1 TepMmo-e.p.c. a3 3i
CTPYKTYyporo Tuny MgZn, BKa3yloTh Ha T€, III0 BOHU € MPOBIJTHUKAMH METATIYHOTO
tuty. Lle 3acBiIUyIOTh TaKOXK PO3paxyHKU (PYHKIIIT pO3MOALTY €IEKTPOHHOT T'YCTUHU
cnonyk HfRe, i HfAl, Ta 3MmonenpoBanoi Briopsiakoanoi ¢a3u Hf(RepsAlgs)s.

Enextponn  Ha  ocmoBi  cmmaBiB  HfpgRepAlgg  Ta  HfpResAlgs
XapaKTEPU3YIOTHCS MUTOMOIO PO3PSIHOI0 EMHICTIO 62 1 59 MA -ToN/T 1 HOMIHAJILHOIO

po3psaHoo Hampyrowo 1,35 1 1,24 B, BiamoBimHo. Bumil 3Ha4eHHS pO3psAIHOT



€MHOCTI, 68 MA-TOJ/T, 1 HOMIHAJILHOI pO3psAaHOI HanpyrH, 1,35 B, Mae mpoTtotumn
XIMIYHOTI'O JKEpesia eIEKTPUYHOI eHeprii 3 eekTpoaoM Ha ocHOBI HfzgRe sAlss.

3nilicHeHe TMPOTHO3YBAHHS 3alHATOCTI MYCTOT aTOMaMH TiAPOTEHY Yy
cTpykTypax (a3 JlaBeca (cTpykTypHuii TMn MgZn,) BKazajllo Ha MOXJIMBICTH
BKItOYeHHs atroMiB H B mycrotu Hf;M, 3 ieHTpoM B npaBHIiIbHIN crcTeMi TOUOK 6h
pocTopoBoi rpymu P6s/mmc.

HaykoBa HOBH3HA oJiepKaHUX pe3ysbTaTiB. Briepine nmoOyaoBaHO 130TepMIiUHI
nepepiszu miarpam crany cuctem Hf-Re—Al i Hf-Re-Si mpu 1000 °C y moBHuX
KOHIICHTPAIIMHUX IHTEpBajaX 1 BU3HAYCHO KPHUCTAIIYHI CTPYKTYPH TEPHAPHUX
cnonyk. BcranoBieHo icHyBanHS HOBOI cnonyku HfsRe,Al, 31 ctpykryporo tumy
HfsCuSn;. Busnadeno o0xacTi TpPOTSHKHOCTI IS TPhOX TBEPAUX PO3YHMHIB 3i
CTpYKTyporo tuity MgZn,. BuMipsiHo 3Ha4eHHSI MIKpOTBEPIOCTI (a3 1 BCTAHOBJICHO,
[0 BOHA 3pOCTAa€ 31 30UIBLIEHHSM BMICTY PEHII0 B HHMX. BHKOHAHO pO3paxyHKU
dbyskuii po3noauty enexkTpoHHoi ryctuHu cnoiyk HfRe, 1 HfAl, Ta 3monenboBanoi
BriopsiikoBanoi (asu Hf(RegsAlgs),, 1110 BKa3ylOTh Ha METATIYHUN THIT TPOBITHOCTI
y HuX. Bu3HaueHO BIUIMB MNPUPOAM P-€IEMEHTa Ha XapakTep TeMIepaTypHUX
3aNIeKHOCTEN KoedilieHTa TepMo-€.p.C. Ta eJIEKTPooropy (a3 31 CTPYKTYpOIO THUITY
MgZn,. [Toka3aHo, 110 €IEKTPOIHI MaTepiaii Ha OCHOBI 3pa3kiB cucremu Hf—Re—Al

M1IIAI0THCS 000OPOTHOMY €JICKTPOXIMIYHOMY T1JIpyBaHHIO/IET1IPYBaHHIO.

Knwuoei cnoea: rtaduiii, peHil, alOMIiHIN, CUJILINA, pPEHTIeHIBChKA
nudpaxiiisi, PEeHTreHIBCbKa CHEKTpockoris, ¢a3oBi piBHOBAaru, JjiarpaMa CTaHy,
KpUCTaJiyHa CTPYKTYpa, €JIEKTPOHHA CTPYKTYpa, MIKPOTBEPIICTh, €IEKTPOKIHETHYHI

BJIACTUBOCTI, IJIPOreHCOPOILINHI BIACTUBOCTI, €EKTPOIHI MaTepiaiH.



SUMMARY

Zinko L. A. Hf-Re—{Al, Si} systems: phase equilibria, crystal structures
and properties of the phases. — Qualifying scientific work on manuscript rights.

Thesis for the scientific degree of Doctor of Philosophy in the specialty
102 Chemistry of the field of knowledge 10 Natural sciences. — Ivan Franko National

University of Lviv, Lviv, 2023.

This dissertation is devoted to the study of the interaction of the components in
the ternary systems Hf—Re—Al and Hf—Re-Si: establishment of the phase equilibria at
1000 °C, determination of crystal structures of ternary compounds, and measurement
of selected chemical and physical properties.

Literature data on the phase diagrams of the boundary binary systems
Hf—{Al, Si, Re} and Re—{Al, Si} and of related ternary systems, {Ti, Zr, Hf}-
{Mn, Re}{B, Al, Ga, In C, Si, Ge, Sn, Pb}, were analyzed, together with
information on the crystal structures of compounds formed in these systems, and
preliminary assumptions were made about the interaction of the components in the
Hf—Re—Al and Hf-Re-Si systems.

Samples for the experiments were synthesized by fusing charges of high-purity
metals in an electric arc furnace and then carrying out homogenizing annealing at
1000 °C. Hafnium, aluminum and silicon were used in the form of compact metals,
and rhenium powder was pressed into tablets. Phase analysis and determination of
structure parameters were performed on arrays of X-ray diffraction data obtained on
powder diffractometers DRON-2.0M (Fe Ka radiation) and STOE Stadi P (Cu Kay
radiation). The chemical composition of the samples and individual phases was also
determined using energy-dispersive X-ray spectroscopy (REMMA-102-02 scanning
electron microscope with an EDAR spectrometer and a Tescan Vega 3 LMU
scanning  electron  microscope with an  Oxford Instruments SDD
X-Max"20 detector). The microhardness of the phases was determined on a



NOVOTEST TC-MKYV hardness tester by the Vickers method. Calculations of the
electronic structure were carried out according to the density functional theory
(DFT). The temperature dependence of the coefficient of thermo- e.m.f. was
measured by the potentiometric method relative to copper, and the electrical
resistivity was measured by the two-probe method. Electrochemical hydrogenation
was performed in two-electrode cells of the Swagelok type. Hydrogen sorption
characteristics were measured during 50 charge-discharge cycles.

As a result of X-ray diffraction, spectral and microstructural analyses of 44
samples of the Hf—Re—Al system at 1000 °C, the existence of 13 binary compounds
was confirmed and a new ternary compound, HfsRe,Al,, was discovered. The
compounds HfAl;, HfAl;, HfAI, Hf;Al;, Hf;Al, and Hf,Al do not dissolve
appreciable amounts of rhenium. The solubility of Hf in the compounds Re;Alsy 75,
Re,Al; and Re,Al is also insignificant. Approximately 5 at.% Al dissolves in the
compound HfyRe,s. The isothermal section of the phase diagram at 1000 °C has 17
single-phase, 32 two-phase, and 16 three-phase regions. The crystal structure of the
ternary compound HfsRe,Al, was determined by the powder X-ray diffraction
method: refined composition HfsRepo3Al1es@), structure type HfsCuSns, space
group P6s/mcm, a=8.0738(6), ¢ = 5.7012(11) A. Two limited solid solutions,
HfRe;.088(1)Alo-1.120) and HFALL; 740)Re0.0261) With structures of the MgZn, type
(P6s/mmc, a =5.239-5.2443(2), ¢ = 8.584-8.5281(4) A and a = 5.250-5.2545(3),
¢ = 8.680-8.5660(4) A, respectively), were also observed at 1000 °C.

The isothermal section of the phase diagram of the Hf-Re-Si system
at 1000 °C was constructed based on the study of 40 samples by X-ray diffraction,
spectroscopy and microstructural analysis. It has 17 single-phase, 34 two-phase, and
18 three-phase regions. The compound Re,Si; has the most equilibria. The binary
compounds, except HfsRe,, and HfRe,, do not dissolve significant amounts of the
third component. Up to 11 at.% Si dissolves in the compound HfsRe,, and up to
16 at.% Si in HfRe,. The existence of the previously known ternary compounds was
confirmed by X-ray powder diffraction and the crystal structures of the compounds



HfReSi, (ZrCrSi,, Pbam, a =9.1271(3), b =10.0356(4), ¢ = 8.0708(3) A), HfReSi
(ZrNiAl, P-62m, a=6.9240(2), ¢ =3.3890(1) A) and Hfy26)R€2743)Si (HfsMo,B,
P6s/mmc, a = 8.5835(12), ¢ = 8.7135(13) A) were refined.

The ternary compounds of the Hf—Re—Al and Hf—Re-Si systems crystallize in
four structure types and have layered structures. All the ternary compounds of the
Hf-Re-Si system belong to the class of structures with trigonal-prismatic
coordination of the smallest atoms (class 10 according to the classification
by P.I. Krypyakevych). In the structure of the compound HfReSi, it is possible to
distinguish prisms, at the vertices of which there are Hf and Re atoms (Hf;Re, and
Hf,Re,). There are two types of prism in the structure of the compound HfReSi: one
is formed exclusively by Hf atoms, the other one by Re atoms. Only Hf atoms form
trigonal prisms in the structure of the compound Hf,Re,74Si. The Re atoms, as a
rule, center icosahedrons, and the Hf atoms pentagonal prisms with additional atoms.

It was established that in the investigated systems, the nature of the interaction
of the components becomes more complicated when going from Al to Si. The
hardness of samples of the Hf-Re-Al and Hf-Re-Si systems increases with
increasing rhenium content. Alloys containing silicon have higher values of
microhardness than alloys containing aluminum (783 HV for the HfsRe,Al, phase,
1675 HV for the HfsRe,;Si; phase).

The temperature dependencies of the specific electrical resistance and thermo-
e.m.f. of the phases with MgZn,-type structures indicate that they are metallic-type
conductors. This was also confirmed by calculations of the electron density
distribution function for HfRe, and HfAl, and the simulated ordered phase
Hf(RegsAlgs)..

Electrodes based on Hfs;Re;0Algy and Hf;RessAlys alloys showed specific
discharge capacities of 62 and 59 mA-h/g and nominal discharge voltage of 1.35 and
1.24 V, respectively. The prototype of an electrochemical cell with an electrode
based on Hf3ResAlss showed the highest value of discharge capacity, 68 mA-h/g
(nominal discharge voltage 1.35 V).



A study of the occupation of voids by hydrogen atoms in the structures of
Laves phases (structure type MgZn,) indicated the possibility of inclusion
of H atoms in Hf,M, voids centered in Wyckoff position 6h of the space group
P6s/mmc.

Scientific novelty of the obtained results. For the first time, complete
isothermal sections of the phase diagrams of the Hf—Re—Al and Hf—Re-Si systems at
1000 °C were constructed and the crystal structures of all of the ternary compounds
were determined. The existence of a new HfsRe,Al, compound with a HfsCuSn;-type
structure was established. The homogeneity regions were determined for three solid
solutions with MgZn,-type structure. The microhardness of the phases was measured,
and it was established that it increases with increasing rhenium content. Calculations
of the electron density distribution function of the compounds HfRe, and HfAI, and
the simulated ordered phase Hf(RegsAlqs), were performed, indicating metallic type
of conductivity. The effect of the nature of the p-element on the temperature
dependencies of the thermo-e.m.f. coefficient and electrical resistivity of the phases
with MgZn,-type structures was analyzed. It was further shown that electrode
materials based on samples of the Hf-Re-Al system undergo reversible

electrochemical hydrogenation/dehydrogenation.

Keywords: hafnium, rhenium, aluminum, silicon, X-ray diffraction, X-ray
spectroscopy, phase equilibria, phase diagram, crystal structure, electronic structure,
microhardness, electrokinetic properties, hydrogen sorption properties, electrode

materials.
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