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Introduction

Residual stresses occur in the materials
while carrying out technological operations.
The character of stresses distribution has an
essential effect on diffusion processes running.
For example, the substitutional impurities
having a larger atom radius (in relation to the
basic metal) migrate into the tension stresses
area, and impurities having a small atom
radius migrate into the compression stresses
area. The solid solution segregation from the
impurities of various kinds comes about in
such a manner [1,2]. Hydrogen belongs to
introduction  impurities. Such impurities
increase the crystal lattice parameters. They
behave like the substitution impurities of a
larger atom radius. The objective of this paper
is the analysis of hydrogen atoms segregation
kinetics within a cylindrical cladding with the
residual stresses. The choice of such a model
system is caused by the following reasons.
Firstly, obtaining of the residual stresses by
cutting and adding (removing) part of the
material followed by the connection of the cut
edges is possible in the cylindrical cladding.
Secondly, the logarithmic dependence on a
radial coordinate of the first invariant of the
residual stresses tensor allows to obtain the
exact analytical solution of the diffusion
equation in the field of forces.

Results and discussion

The hydrogen atoms interact with the
residual stresses having opposite signs. The
interaction potential is determined by the
relation

_ Oy

V= 3 ov (D)

where oj; - first invariant of the residual
stresses tensor, dv - crystal volume change
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when placing hydrogen atoms. For a hydrogen
atom dv >0 and so ats; >0 potential V takes a
negative value. It corresponds to the hydrogen
atoms attraction to the tensile stress area. For
oy <0 and dv >0 potential V takes a positive
value. The hydrogen atoms are displaced out
of the compression stresses area. Kinetics of
the hydrogen segregation is described by a
non-stationary diffusion equation in the field

of potential V

ia_C:ACi—V(CVV), ro<r<R,

D ot kT

C(I',O):O, C(r05t): C117 ’ C(R:t): C[E ’ (2)

where D- diffusion coefficient of hydrogen
atoms, rp and R — inside and outside radiuses
of the cylindrical cladding, k — Boltzmann

constant, T- absolute temperature, Cll7 and le

-equilibrium atoms concentrations on the
boundaries. The positive value of the second
member of the right equation part (2)
corresponds to acceleration of the diffusion
process kinetics from the inner cladding
surface. It is caused by the character of the
residual stresses distribution: tension on the
inner surface and compression on the outer
one. The negative value of this member
accelerates hydrogen atoms diffusion from the
outer cladding surface. In this case the
compression stresses are changed with the
tension stresses and accelerates the hydrogen
atoms diffusion. Physical sense of the initial
and boundaries conditions of the problem (2)
is obvious. At the initial moment the hydrogen
atoms concentration is equal to zero. The
boundary conditions at 1y and R signify
that the equilibrium hydrogen concentration
remains on the boundaries area in
correspondence with the interaction potential
V. The exact analytical problem solution (2)
was obtained for system Zr-H. The principle of
superposition was applied when solving the



problem. The diffusion processes are
examined from the inner and outer cladding
boundaries. It is connected with the character
of the residual stresses distribution. The latter
ones lead to changing symmetry of the
diffusion equation for the specific value of
potential V. The residual stresses define the
equilibrium concentration on the cladding
boundaries and of hydrogen atoms segregation
kinetics.

Conclusions

The residual stresses within the cylindrical
cladding change the character of the diffusion
processes running for hydrogen atoms. The
segregation kinetics is described with the non-
stationary diffusion equation in the field of the
forces under the corresponding initial and
boundaries conditions. The potential of the
hydrogen atom interaction with the residual
stresses field logarithmically depends on the
radial coordinate. The exact analytical solution
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of the diffusion equation was obtained taking
into account the residual stresses distribution.
Acceleration of the process kinetics is defined
by the diffusion equation symmetry and the
values of the equilibrium  hydrogen
concentration on the area boundaries. In
dependence on the conditions one or another
factor takes preference.

References

1. Vlasov N.M., Fedik I.I. Decomposition
solid solution in the field residual stresses.
Dokl.Acad. Nauk 2002; 382 (2): 186-189.

2. Vlasov N.M., Fedik LI. Hydrogen
segregation in the area of threefold
junctions of grain boundaries.

Int J. Hydrogen Energy 2002, 27:921-926.
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Beenenne

OcrtaTo4Hble HaNPSOKEHUS BO3HUKAlOT B
MaTepuae n3enui pu IIPOBEACHUN
TEXHOJIOTHYECKUX oTepanui. Xapaktep
pacnpenencHus HaTPsHKCHUH OKa3bIBAET
CyIIECTBEHHOE  BIIUSHUE Ha  IIPOTEKAHHE
muddy3noHHBIX mporeccoB. Tak, Hampumep,
IpUMECH  3aMEIIeHUS  OOJIBIIOTO  aTOMHOTO

pamuyca (0 OTHOIICHHIO K OCHOBHOMY METAaJLTY)
MUTPUPYIOT B 00JaCTh HANPSKCHUN PACTSKCHUS,
a IPUMECH MaJIOTO aTOMHOTO pajinyca — B 00JIacTh
HanpspKeHUH c)KaTusl. Tak MPOUCXOJIUT
paccioeHrue TBEPIOTO pacTBOpa W3 IpUMecei
3aMmelneHus paszHoro copra [1,2]. Bomopon
MIPUHAUICKUT K TpUMEcSM BHeApeHus. Takue
npuMecu YBCINYNUBAIOT napamMeTp
KpucTayutmueckoi pemerkd. OHM BeayT cels
AHAIOTUYHO TPUMECSM 3aMelIeHus OOJBIIOro
aToMHOTO pamuyca. llempto maHHOW pPabOTHI
SIBJISIETCSl aHANIM3 KUHETHKU Cerperamuy aToMoB
BOZOpPOZa B IMJIMHAPUYECKOH o00OJIOYKEe C
OCTaTOYHBIMH HaIpsDKCHUSAMHU. BbiObop  Takoi
MOJICJIbHOH CHCTEMbI OOYCJIOBJICH CJICIYHOIIUMU
npuyuHamMu. Bo-mepBeIX, B IWIMHIAPUYCCKON
000JI0YKEe BO3MOXKHO TIOJIYYEHHE OCTAaTOYHBIX
HampsDKEeHUH  TIyTeM paspe3a ©  JT0OaBJICHHS
(MCKITIOYEHHS) YacTH MaTepuaia ¢ MOCICAYIOIUM
coeqMHEHnEeM OeperoB paspe3a. Bo-BTopsix,
morapuMudecKasl 3aBUCUMOCTh OT pagHaIbHON

KOOpAWHATHI  TMEPBOTO  HMHBAapHaHTa  TeH30pa
OCTaTOYHBIX HANPSDKCHUH MO3BOJSIET  MOJIyYUTh
TOYHOC AHAIUTHUYECKOE PELICHUE YPaBHEHUS

i dy3un B mose cui.

PesyabTaThl 1 00cyxkneHne

ATOMBI BOJOPO/Ia  B3aUMOJICHCTBYIOT C
OCTaTOYHBIMH HANpPsDKEHUSAMH PAa3HOTO 3HAKa.
[lorenunan B3auMoOIEHCTBUS IS Pa3MEPHOTO
s dexTa onpenenseTcss COOTHOIICHHEM

=15, 1)
3

rae oy — HepBHﬁ I/IHBapI/IaHT TeH30pa OCTATOYHBIX

HaHpﬂ)KeHHP'I, 6\) - UBMCHCHHC 06’BeMa KpI/ICTaJ'IJ'Ia

HpI/I paSMeHIeHI/II/I aToMa BO,Z[OpO,[[a. HHH aToMa

Bojopoja dv >0 M moTomMy  mpH
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oy >0 moteHmmMan V OpUHUMAET OTPHUIATEIHHOE
3Ha4YeHHe. DTO COOTBETCTBYET MPUTHKESHUIO aTOMa
BOJIOpOIA K obnactu PaCTATHBAIONTHX
HanpsokeHnit. g o <0 u dv >0 morenmuman V
MIPUHUMAET TIOJIOKUTEIFHOE 3HAYCHHE. ATOMBI
BOZIOPOJIa BBITECHSIOTCS U3 OOJIACTH COKUMAIOIIMX
HanpsokeHn. KuHetwka cerperamuu  Bogopoja
OTIMCHIBACTCA  HECTAallMOHAPHBIM  yYpaBHCHHUEM
mddysuu B oje noreHnuana vV

roc V)
D ot

kT
C(I',O):O, C(r05t): C117 s C(R:t): C; s (2)
rne D

ko pumment muddy3un  aTromoB
BOJIOpOJa, Iy U R — BHYTpEHHUMH M BHEUIHUU
paanychl IMIMHAPUYECKOH o0omouku, k
nocrogaHas  bomprvana, T a0CoII0THAS
1 2
c, n C, -
KOHIIEHTpAIlMK aTOMOB BOJOpOJa Ha TpaHUIAX
obnactu. [lonoxkwurensHOE 3HAYEHHE BTOPOTO
YJIeHa MPaBOil YacTH ypaBHEHUS (2) COOTBETCTBYET
3aMeJUICHUI0 KHHETHKW Tporecca auddysun ¢

ro<r<R,

TeMIIepaTypa, PaBHOBECHBIC

BHYTPCHHEH  IOBEPXHOCTH  OOOJOYKH.  ITO
00yCIIOBICHO XapaKkTepoM pacnpenencHust
OCTaTOYHBIX  HANMPSDKCHWH:  pacTshKeHHEe — Ha

BHYTPEHHEN MOBEPXHOCTH U CXKATHWE HAa BHEIIHEH.
OTtpunaTensHOE 3HAYEHHE 3TOTO YJ€HAa YCKOpSET
mudQy3u0  aToOMOB  BOAOpPOJa C  BHEIIHEH
MMOBEPXHOCTH  000Jo4YkH. B 3ToM  ciydae
HapSXKCHUA CXKaTHA CMCHAIOTCA HaAIPSXKCHUAMHA
pacTsbKeHUS W yCKopsoT mponece auddysun

aTOMOB BOJIOPO/IA. dusnueckuit CMBICIT
HAa4aJIbHOTO W TPaHWYHBIX YCIOBHH 3amaum (2)
O4YeBUJEH. B HayalbHbII MOMEHT BpPEMEHU

KOHLIEHTpalisi aTOMOB BOJOpPOAA paBHa HYIIO.
Kpaesbie ycinoBust mipu 1o 1 R 03HaudawT, 4T0 Ha
rpaHUIax oO0JacTH COXpaHSETCsl paBHOBECHAS
KOHIIEHTpaluss BOAOPOAA B COOTBETCTBHUH C
noteHuuanoM B3aumoneuicteus V. IlomyueHo
TOYHOE aHAJIUTHYEeCKOe pelleHue 3afauu (2) ans
cucrempl  Zr-H. Ilpu  pemenuu  3amauu
HCIIOJIb30BaH MPUHIUI CyHEpIIO3ULIUH.
Huddy3noHHbIe MPOIECCH PAcCMATPUBAIOTCS C
BHYTPEHHEW M BHEIIHEH TpaHMIIbI 000JO0YKU. ITO
CBSI3aHO c XapakTepoM pacnpeneneHus



OCTaTOYHBIX HanpspkeHui. [lociaeqHue npuBoasT K
W3MEHEHUIO CHMMETpHH YypaBHeHHs auddy3un
JUIST KOHKPETHOTO 3HAuYeHUs  MOTeHIuanta V.

OcraTro4Hble HaTPSKCHUS OTIPEIEIISIIOT
paBHOBECHBIC  KOHIICHTpAllMd HA  TpaHHUIAX
000JIOUKM H KHHETUKY Cerperaiud  aTOMOB
BOAOPOA.
BriBoabI

OcTaTouyHble HAMPSHKEHUS B IMIHHIAPUICCKOM
000JIOUKE  HM3MCHSIOT  XapakTep MPOTCKaHUS
Tu(GY3UOHHBIX TPOIIECCOB IS aTOMOB BOJIOPO/IA.
Kuneruka cerperanuu ONMCHIBACTCSA
HECTallMOHAPHBIM ypaBHeHHEeM auddy3uu B moie
CWI TPU COOTBETCTBYIOIIMX HAYaJbHOM U
TPAaHUYHBIX YCJOBHSIX. [ToTenmman
B3aMMOJICHCTBUA aToMa BOJOpOAa C TIOJIEM
OCTATOYHBIX  HANpSOHKCHUW  Jlorapu(PMUYECKH
3aBUCUT OT paauasbHOM KoopauHaThl. [lodyueHo
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TOYHOE AHAINTHYECKOE pEIICHHEe YypaBHEHHS
i dy3un ¢ yuyeToMm pacrpelesieHusi 0CTaTOUHBIX
HanpsHKeHUH. Y CKopeHue (3aMe/JICHNE ) KHHETHKU
mporecca ONpeaenseTcs CUMMETpPHeH ypaBHEHHS
midpdy3un W 3HAUYEHWSIMH ~ PaBHOBECHBIX
KOHLICHTpAIIMH BOJOpOJa Ha rpaHuIiax odiactu. B
3aBUCHMOCTH OT YCIIOBUI HpEBaJHpyeT TOT WIN
HWHOH (hakTop.
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