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Introduction

Termodesorption spectrometry (TDS) method
is widely used when studying metal-hydrogen sys-
tems. The sample is heated in a vacuum chamber,
the desorption flux of hydrogen is registered and
the kinetic parameters of the considered model are
estimated. The flux dependence on temperature
(the TDS-spectrum) may have a few peaks which
correspond to different sets of limitative factors.
Mathematical justification of boundary-value prob-
lems can be found in [1,2]. For distinctness let us
keep in mind the work [3] which contains experi-
mental results. For high-temperature desorption
peak and small powder particles diffusion can be
considered as quick.

Mathematical models

Bearing in mind a powder material, let us con-
sider a sphere of radius L with a hydride core in-
side of a varying radius p(¢) ([ phase). A

spherical layer of width (L — p) is metal with dis-

solved hydrogen (& phase). Two suppositions are
commonly used for the desorption process:
1) hydrogen atoms come from bulk to the surface
and desorb forming molecules; 2) for “porous”
materials hydrogen desorbs directly from the near-
to-surface bulk. The heating is assumed to be mo-

notonous (usually a linear heating 7'(¢) =T, + vt
is used), diffusion in the S phase — relatively
slow. Concentration ¢, =0 has no time to

change during the experiment — dehydrating pro-
ceeds as hydride core shrinking with degassing of
metal with dissolved hydrogen. All coefficients are
considered Arrhenius with respect to temperature.
Here a class of models is presented which are de-
rived from the law of conservation of mass with
the assumptions above.

1. Atom flux with density /(¢) at the moving
phase boundary initially has time to keep the equi-

librium  concentration in the «  phase
c(t)y=c,(t)=c (c=nQ, 0<n<1). At that
the desorption flux density is square:

J(t)=b(t)c?,
b(t) = b(T(t)) = byexp{~E, /| RT} .
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The hydride core radius monotonically de-
creases according to an ordinary differential
equation with initial data p(0) = L:

p(t) =L [pus(T)p(t) = b(t) e J(Q - ) p* ()]
which can be integrated in elementary functions.
Here u sp is for density of return flux of /A due
to pressure p(¢) of H, in the chamber.

How to obtain this equation is briefly shown
below. Assume that during time df the hydride
core volume decreased from V' to V' —dV . Con-
centration difference in the layer with volume dV
(had been Q, became ¢ ) is gone away with a flux

(in the considered case it is the desorption flux
with return taken into consideration. So one can
obtain (S is for square of sphere)
(0-2)dv =—(be® - usp) S(L) dt . From this
expression the phase bound movement equation

easily follows. Later phase bound equations
(Stefan conditions) are obtained in a similar way.

From the measurement model it follows that
p(t) =06, I;Jexp{(r ~1)/6,} dr,0. = const,

the flux J(¢)=(p(t)+ p(t)/6,)/6, is deter-
mined from the registered with mass-spectrometer
pressure uniquely. For the powerful vacuum sys-
tem usp=0. From the certain time
I(t,)p> =J(t,)L* hydride decomposition can’t
further equilibrate desorption:

—[Q—c(O]p(t)=1(1), p(t,)=p,.
(L' —p’)c/3=1p* +(usp—bc*)L’,

c(ty)=c, c(t)y=c, t>t,.

The first equation here is the Stefan condition,
which serves as the phase bound movement law. In
the distributed case it should have ¢ =c(¢, p) in

it. For hydride decomposition let us assume
1(t) =k(T)Q (1—c/c). Potential hydride de-
composition rate is proportional to O but close-

ness of the solution concentration to equilibrium
level serves as binding factor.



Consider the substance balance: (quantities
V,(t) and V,(#) are for volumes of the hydride

core and the & phase layer respectively):
t

OV, +cV, + S(L)j (bc2 - ysp)dr = const.
0

Differentiating on ¢ and using the Stefan condition
one obtains the second equation above.

After hydride ends (p(t.)=0) the degassing
takes place, formally p=0, I =0, t>¢..

2. Before the heating starts bulk desorption
forms an initial crust of metal with dissolved H ,
later everything is defined by the heating and the
relationship between current decomposition and
desorption parameters: the model is as in item 1

(t>t,), but for t>0. At that c(0)=c,
p(0)=p, <L.

3. Now let us somewhat complicate the
model, taken the radial distribution into considera-
tion: c=c(t,r), rel[p,L]. From the diffusion
equation in spherical co-ordinates

c,(t,r)=D(T)[c, (t,r)+2c,(t,r)/r]
at high diffusion coefficient
D =D(T(t))=D,exp{—E, /RT} = D(t)
¢,/ D <<1 by integrating [...] =0 one obtains an
expression c(t,r) = A(t)+ B(t)/r which is a
slowly changing stationary distribution, rode by
low speed of phase bound compared to diffusion of

hydrogen in the solution and desorption. Function
parameters A(t), B(¢) are defined from mass con-

and

servation, so the following model is obtained:
c(t,ry=A(t)+B(t)/r, re[p(t), L],
1p* () +[u s(T)p(H) = b* (1) c(t, L)] L' =
= A0 [L - p*(O1/3+ B [L - p*(D]/2,
1(t) ==D(T) ¢, (t, p(t)) = BO)D(T)/ p*(1),
—[Q —c(O]p() = 1(2). p(t,) = p, <L,

1(t)=k(T) Q (A-c(t, p(1))/ ).
When the hydride core disappears, the degassing of
metal with dissolved hydrogen takes place.

4. If the role of the surface is significant, g(¢)

is for hydrogen atoms concentration on it, desorp-
tion is considered as surface, and in the bulk
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c=c(t), then one obtains together with phase

bound movement equation and the hydride decom-
position model the following equations:

q(t) = p s(T)p(t) = b(t) ¢* (1) +
+1(t)p*(1)/ L = [L' = p* ()] (1) /(3L°),

q(0)=g, usp(0)=5b(0)g".

One more equation is needed, which would con-
nect the surface concentration with the near-to-
surface bulk concentration. In the simplest case if
the solution is quick the following condition is

added c(?) = g(T) q(2), ¢ =g(T(0))q .

5. If in the model with surface the quasi-
stationary distribution c(¢,7) = A(¢t)+ B(t)/r,
rel[p,L] is used instead of ¢ =c(¢) then to-

gether with the Stefan condition and the hydride
decomposition model the following holds:

q(t) = u s(T)p(t) = b(t)g* (1) + 1() p* () / L’ —
— AL - p’(0]/(3L7) - BIL’ - p* ()] /2L,
q(0)=7, c(t,L)=g(T) q(1),
I=-Dc,(t,p)=BD/p".

In the paper the results of numerical analysis
of the presented models compared with experimen-
tal data are presented. In addition to one particle
approximation, the multi-particle case (with nor-
mal size distribution) is considered. This obviously
leads to more smooth desorption peaks.

The authors are grateful to prof. I.LE. Gabis for
problem statement, valuable discussions and criti-
cal remarks.
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MOJAEJIUPOBAHUE TAC-CIIEKTPA JEI'NIPUPOBAHUA
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WNHctutyT npukinaaHeix Mmatematudeckux uccinenoanuii KapHI[ PAH,
V. Ilymkunckas 11, Ilerpo3aBonck, 185610 Poccust

Beeaenue

Meroa TepMoIecOpOITMOHHON CIIEKTPOMETPUHN
(TAC) mmpoxo HCTONb3yeTCs MpH HCCIeT0BAaHUH
cucteM MeTaul-Bonopod. OOpaszel HarpeBaroT B
BaKyyMHOH KaMepe, peTUCTPHUPYS AeCOPOIMOHHBII
MIOTOK BOJIOPO/A U OLEHHUBAs KMHETUYECKHE TMapa-
METpBl paccMarpuBaeMod mozpenu. I'paduk 3aBu-
cumocti moTtoka ot Ttemnepatypsl (TIC—cmekrp)
MOXKET COJAEpKaTb HECKOJIBKO IHKOB, COOTBET-
CTBYIOIIMX Pa3IMYHBIM HaOopaM JUMHTUPYIOIIUX
¢akTopoB. MaTtemaTnueckoe 00OCHOBaHHE Kpae-
BBIX 3amad mMmeercs B [1,2]. st onpeneneHHOCTH
OylneM OpHeHTHpOBaThCA Ha padoty [3], comep-
Kallyl0 SKCHEePUMEHTaNbHbIM Matepuan. Ilpen-
CTaBJSIETCSl, YTO M  BBICOKOTEMIIEPATYPHOTO
BCIUIECKAa JEecOopOLMU B ClIy4ae YacTUI[ MaJloro
pasmepa TuQQy3no MOKHO CUUTATh OBICTPOH.

MartemaTuyeckune MoJeJIU

VMes B BHIy HOPOIIKOOOpPasHBIA MaTepHall,
paccMOTpUM Iuap paguyca L, a B HeM THAPHIHOE
a1po nepemennoro paauyca o(t) ([ ¢asza). la-

poBoii cioit TommuHbl (L — p)— Meran ¢ pacTBo-

penHbIM BogoponoM (¢ daza). OTHOCUTEIBHO Xa-
paktepa aecopOIi 00BITHO HCIIONIB3YIOT CIIEITYIO-
[IMe TpeAronoKeHnus: 1) aToMbl BOJOPOAA BBIXO-
IIIT 13 00beMa Ha TIOBEPXHOCTh M 1eCOpOUPYIOTCH,
COEMHMBILIUCH B MOJEKYJBI, 2) IS «HOPHUCTHIX»
MaTepHajIoB JecopOLys UAET HEMOCPEACTBEHHO H3
MIPUIIOBEPXHOCTHOTO 00beMa. CumraeM Harpes
MOHOTOHHBIM (OOBIYHO HCHOJB3YIOT JIMHEHHBIN

sakon ['(t) =T, +vt), nubdysuo B S dase —

OTHOCHUTCIIBHO MEJIJICHHOM. KOHLICHTpaL[I/I}l

Cy = He ycheBaeT CYIIECTBEHHO MEHSATHCSI B

TE4YEeHUe HKCIEPUMEHTa — ACTHAPHPOBAHHUE POUC-
XOAMT 1O CLEHAPHIO CXKATHUSl THIPUIHOTO sIpa C
Jierazalyeil MeTajuia ¢ pacTBOPEHHBIM BOZOPOIOM.
Bce koadduuueHTs mpenmnonaraeM appeHHyCOB-
cKuMH 110 Temriepatype. [IpencraBum kiacc mone-
Je AeruapupoBaHus, KOTOPbIE IPH yKa3aHHBIX
MIPENONOKEHUSIX BBIBOASATCS W3 COOTHOIIEHUH
MaTepHaJIbHOTO OajaHca.

1. Tlotox atoMOB BOAOpOAa C IUIOTHOCTHIO
1(¢) wa mBwkymieiics rpanuie pasuena a3 BHa-
yaJjie yCleBaeT MOAAECPKUBAaTh PABHOBECHYIO KOH-
HeHTpaunio B & dase, To ectb c(f)=c, (t)=C
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(c=nQ, 0<np<1). Ipu 5TOM IIOTHOCTH JIe-

COpPOITMOHHOTO TOTOKA OMpENEIsIeTCsS KBaJpaTH-
HOH 3aBUCHUMOCTBIO OT KOHIICHTPAILUU B PACTBOPE:

J(H)=b(t)c*,
b(t) = b(T(t)) = b, exp{—E, | RT} .
Paanyc ruapuaHoro siapa MOHOTOHHO YMEHb-

IaeTcss COrJiacHO OOBIKHOBEHHOMY b de-
PECHIIMATBHOMY YPaBHEHHUIO

p(&) =L [us(T)p(t)=b(t) (0 - ) p* ()]
¢ navanpHbiMH gaHHbIME O(0) = L, KoTOpOe m0-
MyCKaeT SABHOE HWHTErPUPOBaHME. 31€Ch AL SP —
IUIOTHOCTh BO3BPATHOTO MoTOKa H BCleacTeue
umeroterocs gasiaenust p(t) H, B xamepe.
Kpartko ykakeM cxeMy BBIBOAa 3TOTO ypa-
BHeHMs. [TycTh 00bEM THIPUIHOTO spa 3a BpEMs
dt ymenpimwicst Ha dV . PasHuna KOHIEHTpaImii
B cioe oobeMom dV (6but0 O, CTANo ¢ ) yHOCHT-
Cs TOTOKOM (B JaHHOM cCiydae — JecopOImeit c
yueToM Bo3BpaTa). Imeem (S — mromans chepsi):
(0-2)dv =—(be® - usp) S(L) dt,
clemyeT ypaBHEHHE IBIKEHUs TpaHuilel. Jlaiee

ypaBHEHUs Ha TpaHuie pasnaena ¢as (yciaoBue
Credana) BEIBOAATCS aHAIOTHYHO.

OTKyJia

B cuny monenu usmepeHuit
p=06,[J(@)expi(z-1)/0,} dz, 6, =const,
0

norok J(t) = (p(t)+ p(t)/6,)/ 6, no perucrpu-
PYEMOMY C TOMOIIBI0 Macc-CIIeKTpOMETpa JlaBJie-
HUIO MOJIEKYJISIPHOTO BOJIOpPOZa B Kamepe ompese-
aseTcss OAHO3HAuHO. [l MOIIHOM BaKyyMHOM
cucrembl 4 sp ~(0. B onpeneneHHbIT MOMEHT
spemenn (z,)p” = J(t,)L’ u nanee pacnan ruj-
pHIa yKe He KOMIICHCHPYET JIECOPOIIHIO:

—[Q—c()]p(1) = 1(2), p(t)) = p,.
(L —p*)ée/3=1p" +(u sp—bc*)L?,

c(ty)=c,c(t)y#c,t>t,.

[lepBoe ypaBHenue — ycioBue Credana, OMHUCHI-
BAlOIIlEe JIBHKEHKE TPAHUIbl pasaena ¢as. B pac-
IpE/ICJICHHOM Cllydae B HEM CIeAyeT Iojararh
c=c(t,p). Jns pacrmaga TUIPHIA I[PUMEM



I(t)=k(T)Q (1 —c/c). ToreHumanbHasi CKo-
pOCTh pacraga nponopuuoHansia O, HO CAEpKH-

BalOIIUM (AKTOPOM SBISETCS OIU30CTh KOHIICH-
Tpaluy B PACTBOPE K PABHOBECHOMY YPOBHIO.

Paccmotpum Gananc sewectsa (V, (1) — 00b-

eM rugpuaHoro siapa, V, (¢) —cnosic a dasoii):
t

OV, +cV, + S(L)J. (bc2 - ysp)dr = const.
0

Juddepenupys 1o ¢, UMEEM ¢ y4€TOM YCIOBUS
Creana BrOopoe ypaBHeHue. [locne oxoHuaHUS

ruapuna ( p(t.) = 0) uner gerasamus: GopMaIbHO
cnenyer cuntath p =0, I =0, 1> ¢,.

2. Jlo Havayma HarpeBa oObeMHas IecopOIrs
(hopMUpyeT HaYAIbHYI0 KOPKY METallla C PacTBO-
PEHHBIM BOJIOPOJIOM, & 3aTe€M BCE OMpEACISIeTCS
HArpeBOM W COOTHOIIICHHEM TEKYIIUX apaMeTpOB

pacmaza u jaecopobumu: monens m. 1 (7 =+¢,), HO
yxkemsi t 20: c(0)=c, p(0)=p,<L.

3. Heckonpko YCIOXXHUM MaTeMaTHYECKYIO
MOJIEJb, YYUTBIBAs paclpeieicHHe N0 paauycy 7 :
c=c(t,r), re[p,L]. U3 ypasuenus mudody-
31U B CPepPUIECKUX KOOPIHHATAX
c,(t,r)=D(T)[c, (t,r)+2c,(t,r)/ ]
npu Oonbmmx kodddunmentax aupdysun
D =D(T(t))=D,exp{—E, /RT} = D(t)

u ¢,/ D<<1 nocne uurerpuposanus [...]=0
noiayunm Beipakenne c(t,r) = A(t)+ B(t)/r —
ME/JICHHO MEHSIFOIUICS KBa3HUCTallMOHAp, O0Y-
CIJIOBJICHHBII MaJoil CKOPOCTBIO JIBU)KCHHMS TPAaHH-
bl paznena ¢a3 1mo cpaBHeHUIo ¢ nuddysueit ato-
MOB BOJOPOJZIa B pacTBope M AccopbOmmeit. DyHK-
MoHanbHele apameTpbl A(t), B(¢) onpenensior-

cs w3 OamaHca BeIIecTBa, YTO MPUBOJUT K Clle-
JIyIOIIe MaTeMaTUYECKOM MOJICTH:

c(t,r)=A(t)+B(t)/r, re[p(t), L],
1(t)p* (1) + [ s(T)p(t) = b* (1) (£, L)] L* =
= AW [L' - p*01/3+ B [L* - p*(0]/2,
1(t)==D(T) (¢, p(1)) = B()D(T)/ p* (1),
[0 —c(t)]p() = 1(1), plty) = py <L,
I(t)=k(T)Q (1—-c(t, p(1))/C).

ITo oxoOHYaHMM THIAPHUIHOTO sIpa — OOBIYHAS JeTa-
3aI1¥sl MeTaJljla C PACTBOPEHHBIM BOJOPOJIOM.

4. Ecmm BBIACIIUTE TOBCPXHOCTH, KOHIICH-
TpallukO aTOMOB BOAOPOJa Ha Hel 0003HAYUTH Ye-

pe3 (), mecopOuMI0 CYNTaTh MOBEPXHOCTHOM, a
B 0o0beMe ¢ =c(f), TO MOJYy4HUM COBMECTHO C

ypaBHEHUEM JIBUKCHHS T'PaHUIBI U MOIEIBIO pac-
Taja THAPHUIA COOTHOIIICHIS

q(t) = p s(T)p(t) = b(t) ¢* (1) +
ot L(Op* () L' ~[L* = p* (] &(1) /(3L?),
q(0)=g, wusp0)=5b(0)g".

HeoOxomumo eme OOHO COOTHOLICHHE, Xapak-
TEepHU3yIollee CBS3b TOBEPXHOCTHOW KOHIICHTpPA-
IHA C TPUTIOBEPXHOCTHOW 00BeMHOW. B mpoc-
TeileM ciydae Mpu OBICTPOM pacTBOPEHMHU 100a-

suMm yenosue c(t) = g(T)q(t), c = g(T(0))q .

5. Ecnu 1 B MOJieNiM € MOBEPXHOCTHIO BMECTO
¢ = ¢(t) ucnonb30BaTh KBAa3KCTAMOHAD B (OpMe

c(t,ry=A(t)+ B(t)/r, re[p,L], To momumo
ycnoBus CtedaHa M MOJENH paciaga UMeeM

q(t) = p s(T)p(t) = b(t)g* () + 1) p* (1) / L’ —
~ AL - pP(01/BL) — BIL - p*(0]/(2L%),
q(0)=q, c(t,L)=g(T) q(1),
I=-Dc,(t,p)=BD/p*.

B pabote mpuBOASTCS pe3yNbTaThl YUCICHHO-
ro aHallM3a MPEJCTaBICHHBIX MOJENEH Ieruapu-
poBanus MeronoM T/JIC u ux cpaBHEHHUE C DKCITE-
PUMCHTANbHBIMU ~ JaHHBIMUA. [loMuMO  OJHO-
YaCTUYHOTO TPHONIDKEHHsS] paccMaTpUBaeTCs |
ciry4ail (HOpMallbHOTO) pacIpeneeHUs JacTHIl 10
pasmepaM. DTO, €CTECTBEHHO, IPUBOIUT K HEKOTO-
POMY CTIKUBAaHUIO IE€COPOIIMOHHBIX IMUKOB.

ABtoper Omaromapsar mpod. W.E. I'abuca 3a
MIOCTAHOBKY 3ajauu, IICHHBIC OOCYXICHHS U KpH-
TUYECKHE 3aMCUYaHUS.
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