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Introduction

The interaction of hydrogen atoms with
dissolved atoms in metals has been the subject of
numerous experimental studies because its
understanding is indispensable for explaining
many basic physical processes such as short-range
order, segregation, ordering, diffusion, etc. The
interaction energies are necessary for calculating
the phase equilibria and phase diagrams, as well as
the mechanical and physical properties of solid
solutions. For many interstitial and substitutional
solid solutions in metals, the elastic interaction is
essential [1,2]. The pair interaction strain-induced
(elastic) energies of interstitials and substitutionals
have been evaluated for many bee and fcc metals.
In the case of hcp metals, the calculations were
performed only for the H-H strain-induced
interaction in some rare-earth metals, a-Ti and Tec.
Systematic analysis of such interaction and
comparison with the interaction in bcc and fcc
metals are absent. The present report focuses on
the calculation of corresponding energies of strain-
induced long-range interaction of H and D atoms
to one another and with “heavy” interstitials. It was
also of interest to compare the elastic interaction in
solid solutions based on two groups of hcp metals,
IVA group and rare-earth, that differ significantly
in many properties.

The energies of strain-induced H-H, D-D
interactions are calculated for the hcp IVA group
metals (a-Ti, a-Zr and o-Hf) and for the hcp rare-
earth metals (Sc, Y, Gd, Tb, Dy, Ho, Er, and Lu) as
well as H(D)-O(N,C) interactions for the hcp IVA
group metals. The results were partially published
in [3-4].For calculations made in the discrete
crystal lattice model approach, elastic constants of
the metal-solvent were used to describe the elastic
behavior of the crystal lattice. The concentration
coefficients of crystal lattice expansion due to
dissolved atoms were also used to describe the
distortions created by dissolved atoms in metals.
Pair-wise interaction energies in 14 coordination
shells for H-H (D-D) interaction and in 11 shells
for H(D)-O(N,C) interaction are represented in a
way allowing for their refinement without the need
to repeatedly run complex software with updated
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values for concentration coefficients of crystal
lattice expansion. The energies calculated are
compared with those for solid solutions having
different types of crystal lattice — bcc and fce. As
an illustration of using of the energies the unusual
structure of the ordered solid solution Lu-D was
analyzed. Other types of interaction are also
discussed.

Results and Discussion

H-H(D-D) interaction. One type of distance
dependence of interaction energy is characteristic
for all hep metals. Attraction occurs in the first two
coordination shells and weaker repulsion and
attraction occur in the rest of them. For most rare-
earth metals D-D interaction is slightly stronger
than H-H interaction. The metals differ
significantly in the energy values. The H-H
interaction is stronger in Ti, than it is in Zr and Hf,
because both latter metals have larger values of the
lattice constants, and H and D atoms both create
smaller distortions in these metals. In general, the
H-H interaction is much stronger in the group IVA
metals than in the hcp rare-earth metals. This is
due to larger values of crystal lattice constants and
smaller values of elastic constants of rare-earth
metals. When the H-H and D-D interactions are
compared for the metals with different type of
crystal lattice - bcc, fcc, and hcp, it may be
concluded that the distance dependence of
interaction energy is determined mostly by the
crystal lattice type and not by individual properties
of the solvent metal. In general, the analysis of
interaction energies reveals that the H-H
interaction in the hcp rare-earth metals is weaker
than in those bec metals for which this information
is available. This interaction is of approximately
the same order as in the fcc metals. The interaction
in hep Ti, Zr, and Hf is as strong as in bce metals
and much stronger than in fcc ones.
H({D) - O(N,C) interaction. In the first two
coordination shells there is a significant attraction,
while significant repulsion exists in the 3", 4", and
5™ shells, and there is again attraction in the 7"
shell. The interaction increases in the sequence
O > N — C due to the increase in distortions



produced by these atoms in the crystal lattice of the
metal. As in the case of H-H interaction, it is
stronger in a-Ti than in a-Zr and a- Hf due to the
large lattice distortion created by H,O and N
atoms.

It is an interesting fact that for the IVA group
metals the interaction of H(D) atoms with the O(N)
atoms is weaker than with the other H(D) atoms.
This is due to the lower distortions created by O
and N interstitial atoms in octahedral interstices as
compared to the distortions created by the H(D)
atoms in tetrahedral interstices. This is the main
difference between the investigated strain-induced
interaction in hcp metals and the interaction in the
bce metals where the “heavy” interstitials — O and
N atoms — create much bigger crystal lattice
distortion than the “light” H and D atoms.

The use of the D-D interaction energies for
simulation of the unique structure of partly ordered
solid solution of D in the hep Lu showed that the
interaction of the D-chains with each other can be
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explained by the elastic interaction of the atoms
that make up the chains and the chains “in-
antiphase” are more stable than chains “in-phase”.
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BBenenne
B3aumopneiictBue aTOMOB BOJIOpOJIa c
pacTBOPEHHBIMU aTOMaMH  HCCIIEJOBAJIOCH BO

MHOTHX JKCIEPUMEHTAIBFHBIX paboTax, MOCKOIBKY
€ro MOHMMaHWE BaXXHO JUISI OOBSICHEHHS MHOTHUX
(hyHIaMEHTanbHBIX (DU3NYCCKHUX SBICHUH, TaKHX,
KaK OJVDKHUN W JanbHUN TOPSIIOK, Cerperaiu,
midpdysus w  T.I. DHEPrUM  B3aUMOJCHCTBUS
HEOOXOIUMBI 17151 pacyera (a30BbIX paBHOBECHH H
JIUarpaMmm COCTOSIHHUS, MEXaHUYEeCKHIX u
(hM3uYecKMX CBOWCTB TBEPIBIX pPAacTBOPOB. Bo
MHOTHUX TBEpPABIX pacTBOpax BHEIAPEHUS U
3aMeUIeHHs] CYIECTBEHHBIM SIBJSIETCS YIIPYroe
B3aUMOJICHCTBHE [1,2].OHeprun MapHOTO
nehopMalMoOHHOr0 (YIpyroro) B3aMMOJCHCTBUS
paccunrtansl 1 MHorux metamwios ¢ OLIK u 'K
pewietkamu. [ns I'TIY metannoB Takue 3HEpruu
ObuM  paHee  pacCUMTaHbl  TONBKO  JUISA
B3alMOJEHCTBUS aTOMOB BOJOpPOJa APYT € IPYroM
B HEKOTOPBIX PEAKO3eMENbHBIX MeTaiiax,o-11 u
Tec. Cucrematuyeckuit aHaAJIN3 TaKkoro
B3aMIMOJICWCTBHUS, TaK K€ KaK CpaBHEHHE ero C
B3aumogieiicteueM B OIIK u T'IIK wmetamnax,
OTCYyTCTBYeT. B mpencrtaBmseMoM  JOKJafe
MIPUBENEHBI  Pe3yNbTaThl  PacyeToB  JHEPTUH
nehOpMaIMOHHOTO B3aUMOJICHCTBHsS aToMOB H u
D nmpyr ¢ apyrom u “TsSKenbIMH ~ BHEAPEHHBIMHU
atoMamu. llpoBeneH Takke CpaBHHUTEIBHBII
aHallM3 TAaKOTO B3aWMOJEHCTBHUS B JBYX TpyTIIax
I'TIY pacTBOpOB--HaA OCHOBE PEAKO3EMENIbHBIX
MeTalioB U MetamuioB [VA rpynmsl, cBoiicTBa
KOTOPBIX CYIIECTBEHHO Pa3InYarOTCs.

OHeprun 1eQOPMAITMOHHOTO B3aUMOACHCTBHS
aTOMOB BOjAOpoAa (neirepus) Apyr ¢ Ipyrom
paccunrtanbl s metauioB [VA rpymmst (a-Ti, o-
Zr and o-Hf) w amsa penko3eMelbHBIX METaIoB C
I'TIY pemerkoii (Sc, Y, Gd, Tb, Dy, Ho, Er, and
Lu).JIns  meramnoB IVA  rpynmbsl  Takke
paccunTanbl dHEepruM B3ammonercteus  H(D) c
O(N,C).YHacTtp pe3ynpTaToB OMyOJIMKOBaHA paHee
[3,4].PacueTsl BBIMOTHEHBI B paMKax MOJEIN
JMCKPETHOM KpHUCTauIM4ecKkod pemetku. Jlns
ONMCAHMS YIPYIMX CBOMCTB KPHUCTAIMYECKON
peIIeTKH HCHOJB30BAIM  yNpPyrue KOHCTAHTHI
MeTallIa-pacTBOPHUTEINS, a WCKa)KECHUH,
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CO3[JaBa€MBIX B 3TOM pEIIETKE pPacTBOPEHHBIM
ATOMOM,--KOHIICHTPAITHOHHBIC K02 (D PUITHEHTHI
pacIiMpeHus peleTKd. DHEePTUU B3auMOeHCTBUS
nap H-H (D-D) B 14 xoopAuHAIIMOHHEIX cepax H
nap H(D)-O(N,C) B 11 cdepax mpencraBieHsl B
dbopme KOIPOHUITNEHTOB, TO3BOJIAIONIMX JIETKO
YTOUHSATH OTH  DHEPrWM TNpPH  YTOYHECHUH
KOHLIEHTPALIMOHHBIX K03() (HUIIEHTOB.
[Tonmy4eHHble 3HEPrUK CPAaBHUBAIOTCS C SHEPTUSIMU
B3aMMOJEHWCTBUS B TBEPJBIX pacTBOpax Ha OCHOBE
OLK u T'LIK kpucraqumyeckux pemerok. Jlis
WIIIOCTPALUU  [IPUMEHUMOCTH HCIIOJIb30BaHHOM
MOJIENT B3aMMOJICHCTBUS OblIa IPOMOJIEIUPOBaHA
HEOOBIYHAs CTPYKTYpa YHOPAJOYEHHOI'O TBEPAOTO
pactBopa Lu-D.OOcyxnaroTcst Takxke Ipyrue
BUIbI B3aUMOJIEICTBUS.

PesyabTaThl u 00cyxneHne

Bzaumooeiicmseue H-H(D-D).Bo Bcex MeTaimiax
Ha0MIOgaeTCsl OAHOTUITHAS 3aBHUCHUMOCTH DHEPTHH
B3aUMOJICUCTBUSI OT PACCTOSHUS: MPUTSIKEHUE B
MIEPBBIX JIBYX KOOPAMHALMOHHEIX cepax u Oonee
craboe TMPUTSHKEHUE WIH  OTTAIKMBAaHHE B
OCTalbHBIX. B OOJBIIMHCTBE PEAKO3EMETbHBIX
METaJuIoB B3aumojeicTBue map D-D Heckombko
cunbHee, ueM H-H. BzaumopeiicTBue cuibHee B
Ti,uem B Zr u Hf, mockoibky aBa MOCIEIHUX
MeTalljla UMEIOT OONbIINE TMEPUOAbl PEIIETKH WU
BHEJPEHHBbIE aTOMbl B HHUX CO3/Ial0T MEHbIIINE
uckaxkenus. B 1emom, B3ammopeiicteue H-H
HaMHOTO cuiibHee B MeTayuiax [VA rpynmel, yem B
peAKO3eMEeNbHBIX ~ MeTallaX H3-3a  OOJNBIIHX
MEPUOJIOB PEMIETKA U MEHBIITUX YIPYTUX KOHCTAHT
peIKO3eMeNnbHBIX METaJLIIOB. CpaBHeHue
B3aUMOJECUCTBUSI B KPUCTAUNIMYECKUX PELIETKAX
tpex trmoB — OLK,I'TIK u I'TTY- moka3siBaer, 94To
3aBUCUMOCTh  DHEPTUU  B3aWMOJEHCTBUSA  OT
pacCTOSIHUSI B OCHOBHOM ONpENENSIETCS TUIIOM
KPUCTAJNIMYECKON PEIIETKH U B MEHbILIEH CTENEeHH
— WHIWBHIYAIbHBIMH CBOWCTBaMH MeTaia. B
o011ieM, B3aUMOJICHCTBHE B peliko3eMenbHbIX [TIY
Meramnax ciabdee, uem B OLIK meramnax, u Toro
ke mopska BenuuuHbl, kak u B ['TIK meramnax. B
To)ke BpeMmsa B Metayuiax IVA  rpynmsl oHO TOTro
nopsiaka BenuuuHsel, kak B OUK metannax.



Bszaumooeiicmeue H(D)-O(N,C). 3HauuTenbHOE
NPUTSDKEHHE  CYHIECTBYET B TEPBBIX  ABYX
KOOPAWHAINOHHBIX cdepax, 3HAYUTEIBHOE
OoTTalKuBaHue — B 3-i,4-if m 5-if cepax U cCHOBA
nputsbkeHue B 7-i cdepe. BsaummoneiictBue
yeunuBaetcs B psaxy O—N—C u3-3a Bo3pacTaHus
HCKaKEHHH, CO37]aBaeMBIX BHEAPEHHBIM aTOMOM.
Kax u B cnyuyae nap H-H B3aumoaeiicTBue cunbHee
B o-Ti,ueM B o-Zr u o- Hf, wu3-3a Gonpimx
WCKaXCHHI PEIIESTKH BHEIPEHHBIM aTOMOM.
HNurepecno, uyto B Metawwiax IVA rpymnmbl
B3aumozeiicteue atomoB H(D) ¢ atomamu O(N)
cmabee, wem c¢ gpyrumu aromamu H(D), dro
MIPOWCXOJNUT IIOTOMY, YTO atomel  O(N),
HAXOISIIAECS B OKTadAPHUECKUX MEKIOY3IHSIX,
HCKaXAIOT KPHCTAUIMYECKYIO pelIeTKy ciabee,

gyem aromel H(D) B  Terpadapuueckmx
MEXKIOY3NUAX. ITO IKE SBIACTCS  TIJABHBIM
OTIIMYHEM MEXIY neGopMaMOHHBIM

B3auMmoericteueM B I'TIY m OLIK merannax, rue
“Tspkenble” BHeApeHHbIe atoMel — O w N -
CO3/Ial0T HAMHOTO 00JI€€ CHJIbHBIC HCKAKCHHUSI
pemeTky, yeM ‘“‘nerkue” atoMsl - H u D.
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Hcnonb3oBaHue 3HEPTUN B3aUMOJICHCTBUS Map

aToOMOB  JIelTepus UL MOJENUpPOBaHUA
YHUKaJIBHOU CTPYKTYPBI YaCTUYHO
YIOPSJOUYEHHOTO  TBepiuoro  pactBopa Lu-D

[I0Ka3aj0, YTO B3aMMOJAEWCTBHE IEMOYEK aTOMOB
JelTepusi MOKeT OBITh OMHMCAHO B PaMKaxX MOAEIH
YOpPYyTOTO B3aMMO/ICHCTBUS COCTaBJISIOIINAX
LIEMIOYKH aTOMOB JIEUTEpUS] U UYTO YCTOMYHUBBHIMU
SIBIISTFOTCS TIAPHI “aHTU(a3HBIX IETOYeK.
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