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Introduction
Metal-hydride technologies have excellent
prospects for hydrogen storage. Commercial

devices designed for that makes a number of
demands to metal hydride. One of principal is the
ensuring of specified rates of sorption and release
of the gas. The information about mechanisms of
metal hydrides formation and decomposition and
evaluation of rate constants effecting on hydrogen
sorption/desorption are necessary for that.

Powders of some transition and rear-earth
hydride-forming metals are objects of this study.
The absorption/desorption of hydrogen by particles
of powder is conditioned by involved simultaneous
reactions of absorption and  desorption
(recombination) on the surface of the metal,
diffusion of hydrogen in the metal bulk and in
different hydride phases, formation and
decomposition of hydride phases.

Results of experimental and theoretical study
of kinetics of desorption of hydrogen from metal
hydrides are presented. Experimental methods used
in this work are TDS and barometric one.

Results and discussion
Possible mechanisms of hydrogen release from
metal hydrides are described. They explain

common peculiarities of decomposition of
hydrides. They are based on following
assumptions.

1. At hydrogenation of a metal a concentration of
hydrogen in solid solution increases to a
certain critical value C.;. On reaching it a
lattice becomes unstable that results in hydride
phase formation. In the inverse process at
hydrogen desorption from a hydride its
concentration decreases to another, critical for
hydride existence value C i Hydride phase
looses stability below this value.

2. Rates of exchange between phases of solution
and hydride by hydrogen atoms are high
enough to ensure a local equilibrium of
concentrations on both sides of a border with
equilibrium constant y. A relationship y-C.;>
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C’, is valid that explains a hysteresis of

sorption-desorption on PTC diagrams.

3. Particles of a powder are considered in
spherical approximation. A model of shrinking
core of hydride is accepted.

The last assumption is done on a base of
following experimental data that give an
opportunity to prefer a “shrinking core” model to a
“nucleation and growth” one [1]. In the second
case when the nucleation commences the surface
that separates the phases of solution and hydride
grows monotonically until germs begin to
intersect. Thus at initial stages of decomposition of
hydride at constant temperature the amount of
hydrogen moving from a hydride to a solid
solution must grow, that results in increase of its
concentration in the solution and finally of the
desorption flux. For the “shrinking core” model the
monotonic decrease should be present due to
monotonically decreasing boundary surface. Fig. 1
shows two curves corresponding to desorption of
hydrogen from ErH,. For the curve 2 the heating
was stopped at temperatures 600 °C. The decrease
of the flux at constant temperature is present, thus
a “shrinking core” model is more probable for
erbium powder. Dashed curve presents a probable
behavior of desorption flux corresponding to a
“nucleation and growth” model.
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Fig.1. 1 — TDS curve of H, from ErH,. 2 — the
heating was stopped at temperatures 600 °C. 3 —
probable flux corresponding to a “nucleation and
growth” model.



Mathematical models of hydrogen release
from metal hydrides are developed in order to
compare with experimental data.

Distributed model. In common case release of
hydrogen from a particle of hydride is presented by
a boundary problem. Migration of hydrogen in
hydride phase and in solid solution obeys second
Fick’s low. Nonlinear dynamical condition on
external boundary, usual for metals [2] is
determined by a balance of fluxes of migration,
desorption and re-adsorption. Following conditions
are valid on hydride-solution interface:

e local equilibrium of concentration of hydrogen
on both sides of a border and
e hydrogen concentration in a hydride is equal to

the critical value C".,.

In a particle center a natural condition of absence
of hydrogen flux is implemented. Stephan-type
condition of hydride-solution boundary rate is
derived from a balance of hydrogen fluxes
transported through the border.

Confluent model (“fast diffusivity”). 1f
particles of hydride powder are small enough
(R<10 mkm), the characteristic time of diffusion
transfer is low (tp<10 c), because high enough
diffusivity (D>107 cm%c) even at moderate
temperature. So at slow heating rates (0.1-0.3 K/c)
one can consider that concentration gradient of
hydrogen in hydride and solid solution is equal to
zero that results in the confluence of the problem.

At this conditions the release of hydrogen from
a particle of hydride may be limited by:

e low rate of hydrogen desorption (at least in

initial stages of a heating) or

e low rate of hydride decomposition.

The last case must be considered especially
because it is known that a change of phase
associated with a lattice reconstruction without
hydrogen is fast and have low activation energy
[3]. The question if the same is valid at high
concentrations of hydrogen is developed absolutely
insufficiently.

If decomposition of hydride phase may have
high rate, it can not limit the overall rate of the
release of hydrogen from a particle containing
hydride. At that the desorption rate of hydrogen is
the only one factor effecting on its value. In this
case at linear heating the desorption flux has
specific pointed shape (see Fig. 2), not
characteristic to real TDS spectra. Two reasons
may explain the smoothed shape of experimental
curves:

1. A distribution of particles by size and shape
smoothes a sharpness of peaks.

107

2. In presence of hydrogen a change of phase
associated with hydride decomposition has a
low rate and can limit the overall rate of the
release of hydrogen.
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Fig.2. Computer simulation of desorption at
high rate of decomposition of hydride.

The last case seams to be possible. It means a
limitation of hydrogen release by low rate of its
desorption at low temperatures and then a
switching to the limitative role of the rate of
hydride decomposition.

A comparison of presented model with
experimental dada is presented. Rate constants of
elementary processes effecting on hydrogen
release from metal hydrides are evaluated.

Conclusion

Experimental study of hydrogen release from
some transition and rear-earth hydride-forming
metals is performed using TDS and barometric
methods. Mathematical models are advanced and
their comparison with experimental data is done.
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MEXAHU3MBI PA3JIOKEHUA THAPUT0OB METAJIJIOB
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BBenenne

Hcnonp30BaHUe TUAPUAHBIX TEXHOIOTHHA JUIS
XpaHeHHs BOJIOpPOJa UMeeT NpeKpacHbIe MepCIek-
TUBBL. [IpOMBINIIJIEHHBIE YCTPOWCTBA, MpeaHA3Ha-
YEeHHBIE JUISI 9TOTO, HAKJIAIBIBAIOT OINpEJeIICHHBIC
TpeOOBaHHS Ha HCIOJb3yeMble MaTepuanbl. OOHO
W3 TJIABHBIX TPeOOBaHWUN — OOECTICUCHHE 3aTaHHOM
CKOpPOCTHU BBIACJICHUA W IOITIONICHUA Tasa, 4YTO
TpeOyeT nHpOpMau 0 MexaHu3Max (HOpMHPOBa-
HUS U Pa3lIoKEHUs TUAPUIOB METAIIOB U OIIEHOK
CKOpPOCTEW MPOIIECCOB, OKA3bIBAIOIINX BIUSHUE Ha
TIOTJIOLICHUE U BBIJICTICHHE BOJOPO/IA.

OObeKkTaMu TaHHOTO UCCIIETOBAHUS SBISIOTCS
MIOPOIIKH HEKOTOPHIX IEPEXOMHBIX U PEAKO-
3eMENBHBIX  THUAPUI000pa3yIOMUX  METaJUIOB.
[Nornomenne / BhIAETICHUE BOXOPOJA YaCTHLAMH
opoInka 00yclaBIMBaeTCs OJJHOBPEMEHHBIM IIPO-
TEKaHWEM peakiuid axcopOuuu W mecopOuuHM Ha
MOBEPXHOCTH MeTaia, Auddy3un Bogopoda o
METaITy W THAPUIHBIM (hazaM pa3inuyHOrO COC-
TaBa, 00pa30BaHUS U PA3NIOKCHUS THAPUIHBIX (a3.
B pabore mpencraBnstoTcs pe3ynbTaThl dKCIEpH-
MEHTAIILHBIX W TEOPETUYECKHX HWCCIeIOBaHUN
KHHETUKU BBIIEJICHUS BOJOPOJA M3 THIPHUIOB Me-
TAJUTOB. DKCIEPUMEHTAJbHBIC Pe3yJIbTaThl MONY-
yenpl ¢ nomompio TJIC u OGapomeTpuveckoro
MeTO/1a.

Pe3yabTaTthl 1 00cy:xIeHue

B paboTe onuchIBarOTCS BEPOSITHBIC MEXaHU-
3MBI BBIJICJICHHS BOJOPOJa, OOBICHSIONINE O0IIre
OCOOCHHOCTH DAa3NIOKEHUSI THUAPHUAOB METAJIIOB.
OHU OCHOBAHBI Ha CIEAYIOMIMX JAOITYIICHUSX.
1. Ilpu THUAPUPOBAHWUU MeETaUIa KOHIEHTPAIUSI
BOZOpPOZa B TBEPAOM pACTBOpE pacTeT 10
HEKOTOpO KpuTuuecko BemuduHbl C,.;, TPH
JIOCTHYKCHUU KOTOPOH pelieTka TepseT CTaOWib-
HOCTb, YTO MPHUBOJIUT K (POPMHUPOBAHHUIO THAPHUJI-
HO# (a3el. B oOpaTHOM TIpoItecce Mpy BBIICICHIH
BOJOPOJIa U3 THAPHUAA €r0 KOHIICHTPAIUS YMCHb-
maeTcs 10 APYToi, KpUTHYECKOM JUIS CYIIECTBOBA-
HUS TUApHAA, BeMMuHHB C o, HIDKE KOTOPOId
TepSETCS CTAOUIEHOCTH TUAPUIHOM a3kl
2. Ckopoctu o0MeHa BOAOPOAOM MexnAy (azamu
THUAPHUIA M pacTBOpa depe3 Mex(]pasHyr TpaHUILY
JIOCTaTOYHO BBICOKH, TaK YTO CYIIECTBYET JIOKAJh-
HOE PaBHOBECHE KOHIICHTpAIMH BOAOpOAA 1Mo 00e
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CTOPOHBI TPAHUIIBI C KOHCTAHTOW PaBHOBECHUS Y.
Brmmonnsercs y Ce.i> C” i, 9TO OOBSICHSIET THCTE-
pesuc copbuusi-necopouns Ha PTC nuarpammax.

3. YacTumpl mopoIka paccCMaTpHUBAIOTCS B ChepH-
4ecKoM mnpuOmmKkeHuu. I[IpuHUMaeTcs MoJenb
CKUMAIOIIETOCS Spa TUAPUIA.

ITocnenuee mpeAnoaoKeHNe CACIaHO Ha OCHO-
BaHUU CJICIYIONINX DKCIICPUMEHTAIBHBIX PE3YIh-
TaTOB, MNAIOIIUX BO3MOXHOCTH MPEANOYECTh €€
MOJENU «MOSABJIECHUA U pocTa 3aponblmein» [1].
st Hee Tocie TOSBIICHUS TEPBOTO 3apOJbIIa B
TE€YCHHE HEKOTOPOTO BPEMEHM IUIOMIANb TOBEpPX-
HOCTH, pazfensromast Ga3sl THIPHIA U PacTBOPA,
MOHOTOHHO pacTeT KaK 3a CYeT YBEITHUYCHIHS
pasMepa 3apofbIlieii, TaKk U U3-32 YBEIUUCHUS UX
konuuecTBa. [loatomy npu nocmosnnotl memnepa-
mype JIOJDKEH HAOMIOAATECS POCT KOJIUYECTBA
BOJIOPO/Ia, TIEPEXOIAIIETO U3 TUAPHUIIA B PacTBOD,
POCT €ro KOHIIEHTPALlUK B PACTBOPE U POCT MOTOKA
necopOIuu, U JUIIb MPU B3aMMHOM TIepeCceYeHUN
pactymux 3apojpliieit — ero cnan. Juga moaenu
«CKUMAIOIIETOCS  SiApa» W3-3a BCE YMEHBINAI0-
mieiics TUIOMIany TpaHWIbl pasfena (a3 JOJDKeH
Ha0MoAaThcsl MOHOTOHHBIA cman. Ha puc.l mpu-
BEJICHBI JIECOPOIIMOHHBIC KpPUBBIC, COOTBETCTBY-

IOILME€ BBINEICHUIO BOJOpPOJAa M3 JUTHIpUIA
apOwust.
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Puc.1. 1 — TIAC xkpuBas ErH,. 2 — Harpes
octanosneH npu 600 °C. 3 — kpuBas ;1 MoaeH
«TOSIBIICHHS ¥ POCTA 3apPOBILIC.

Hns  xpuBodt 2  HarpeB OCTaHOBJEH IpHU
temnepatype 600 "C. HaGromaeTcss TONBKO CHaj
[IOTOKa MpH TOCTOSHHOW TeMmIepaType, 3HauuT
OoJsiee BEpOSATHA MOZETb «CKUMAIOLIETOCS SIIPay.
IlyHKTHpOM TIOKa3aH BEPOSATHBIA TOTOK  JUIsS



MOJIEJH «TIOSIBIICHHSI X POCTA 3apOIBIIIET.

Jnst conocTaBieHHsl ¢ IKCIIEPUMEHTAIbHBIMU
JaHHBIMH  c()OPMYJMPOBAaHBl  MaTEMaTUYECKHUE
MOJIEJIH, OTHCHIBAIOIINE BBHIIEIICHHE BOIOpPOJA U3
TUAPUIOB METAJIOB.

Pacnpeoenennas mooeny. B obmem ciydae
BBICTICHHE BOJOpOJa W3 YaCTHULBl THIPHIA
MpEJCTaBIICHO TPaHUYHOM 3ajadeil, B KOTOPOH
muddysus Bomopoma mo TuUApHUIHOW (aze wu
pacTBOpy oOIpenensercss BTOpbIM 3akoHOM Duka.
Ha BHemHell TpaHUIle BBITIONHACTCS OOBIIHOE IS
METa/JIOB HEJIMHEHHOEe JMHAMHYECKOE YCIIOBHE,
ornpezenseMoe Oanmancom muddysnonHoro,
NECOpOIMOHHOTO U PeajicOONMOHHOTO TOTOKOB
[2]. Ha rpanuiie pacTBOp-TUAPUI COOTIOAAFOTCS:

e  JIOKaJbHOE paBHOBecHe KOHIIEHTpaIi

BOZIOpOJa 10 00€ CTOPOHBI TPAHUIBI U
® yCIIOBHE PaBEHCTBAa KOHLECHTpAMU B THAPUAC

Kputuyeckoi Benuuune C *mf.

B menTpe dWacTHIBI BBIMONHAETCS €CTECTBEHHOE
yCIIOBUE OTCYTCTBHS MOTOKa. CKOPOCTh JIBUIKEHHS
rpaHUIBl onpeaenseTcs ycinoBueM Tuma Credana,
BBIBOJIMMOTO W3 OajlaHca TOTOKOB BOJOPOAA,
IIEPEHOCUMBIX Yepe3 IPaHuLly THIAPUI-PACTBOD.

Buipootcoennan Modenb (“ovicmpasn
oughghyzun”). Eciu yacTuUpl MOPOILIKA THAPUAA
mocratogao Manbl (R<10 MkxM), To yxe mpHu

YMEPEHHBIX TeMIepaTypax KO3 DUITCHT
mudy3ur BOJAOPOAa JOCTATOYHO BEJIHK (D>10'7
cM’/c), a xapaktepHble BpemeHa auddysun

okazpiBatoTca ManbsiMu (tp<lO c). Iloatomy mpu
HU3KUX ckopoctsax HarpeBa (0.1-0.3 K/c) moxHO
CUUTATh, YTO IPAJUEHT KOHLEHTPALUU BOJOPOAA B
o0BeMe pacTBOpa WM THAPHAA PaBEH HYJIO, YTO
BEJIET K BBIPOXKIECHUIO 3aJaUH.

IIpu 3TOM BBIIENEHHE BOAOPOAA M3 YACTHUIIBI
TUIPUAA MOXKET ObITh IUMUTHPOBAHO:
® HU3KOHW CKOpPOCTBIO aecopOuuu Bomopona (1o

KpaiiHeil Mepe, B Hauaie Harpesa) Win
®  HH3KOM CKOPOCTBIO pa3ioKeHUs THAPUAA.
[locnenuuii BapmaHT OODKEH OBITH PAacCMOTPEH
0c000, IOCKOJIBKY M3BECTHO, YTO B OTCYTCTBHE BO-
nopoaa (a3oBBI TMEpexoJ], CBS3aHHBIA C Iepe-
CTPOMKON peleTKH MeTalia UJIeT ¢ OYeHb HU3KHU-
MU SHEPIHAMHU aKTHBALMH U OYECHb BBICOKMMH CKO-
poctsimu [3]. Bompoc o TOM, COXpaHsieTCs JH
nofo0Hass KapTUHa TpU HaJIUYUH  OOJIBIIOTO
KOJINYECTBA BOAOPO/IA, UCCIEI0BAH HENOCTATOUHO.

Ecmu pasnmoskenme THAPHUIHOW (Da3kl MOXKET
UATH C BBICOKUMH CKOPOCTSIMH, OHO HE MOXET
JMMUTHPOBAaTh OOLIYI0 CKOPOCTHb  BBIJCICHHS
BOZOpOJAa W3 4acTuibl ¢ ruapuznoM. IIpu stom
€IMHCTBEHHBIM (paKTOPOM, OIPEENIIONIUM €€ Be-
JWYMHY, OKa3bIBaETCSI CKOPOCTh AECOPOLUHU BOJO-
pona. Ilotox mecopOuuu B yCIOBUSX JHHEHHOTO
HarpeBa HMMEET XapaKTEpHBI 3a0CTPEHHBIM BUJ

109

(cm. puc. 2), HE CBOWCTBEHHBI peaTbHBIM

cnektpam T/IC. I[Ipuuun sToMy MOXeET OBITh /IBE:

3. PacmpeneneHnue 4acTHL MeTalla IO pa3Mepam
«CTJIAXKUBAET» OCTPOTY ITHKOB.

4. B mpucyTtcTBHH BojOpona (a3oBBIN Mepexon,
CBSI3aHHBIM C pa3loXKeHHEM TUApPUAA HIET C
HEBBICOKOM CKOPOCTBIO W MOMKET JIUMHUTH-

poBaThb 06H_Iy}0 CKOpPOCTH BBIACIICHUA
BOOOpoOaa.
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Puc.2. Mogensnas TIC kpuBas npu BBICOKOU
CKOpPOCTH PA3JIOKEHUS THAPULA.

Ilocnennuii BapuaHT MPEICTABIISIETCA
npeAnoyYTUTeNbHBIM. OH Moapa3yMeBaeT TUMUTH-
pOBaHUE BBIACICHUE BOAOPOJA HU3KOH CKOPOCTHIO
€ro JecopOmmm MpH HEBBICOKHX TEMIIEpaTypax, a
3aTEM MEPEXOJ] K OrpaHUYMBAIOMIEMY BIHSIHUIO
CKOPOCTH Pa3fIoKEeHUs TUAPUAA METalIa.

B pabGote mpoBOIUTCS COMOCTaBIICHUE MOJIe-
Jel C OKCHEePUMEHTAIbHBIMU pe3yJbTaTaMHu, U
MPUBOJATCS] OLICHKH KOHCTaHT CKOPOCTEMN 3JIEMEH-
TapHBIX MPOLIECCOB, BIUSIOLIUMX Ha BBIICICHUE
BOJIOPOJIa U3 THAPUJIOB METAIIIIOB.

BrIiBOaBI

C wucnonp30BaHWEM OapOMETPHYCCKOU Me-
tonuku ¥ TJIC mpoBeNeHO 3KCHEPUMEHTAIBHOS
WCCIIEIOBaHNE BBINEICHNS BOAOPOAA W3 HEKOTO-
PBIX TEPEXOAHBIX U PEIKO3EMENBHBIX THIPHUI000-
pasyromux MeramioB. [lpeamokeHsl MareMaru-
YecKHe MOJIEIH ATOr0 MpoIecca W MPOBEACHO HX
COTIOCTaBJICHUE c 9KCIIEPUMEHTAIbHBIMU
JAHHBIMH.
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