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ABSTRACT

The generalized mathematical model of the hydrogen interacti-
on with metal structure defects has been developed. This mo-
del is based on the application of the differential mass
transfer equation descr bing the hydrogen permeation Iproce—
88es in mefals. The new boundary condilion on input o mem-—
brane 1s introduced. The common equation of the gen cur-
rent permeation through the steel membrane has been analysed.
First 1t was shown theoretically that maxima on .permeation
curves were due to the decreas of dissolved hydrogen con-
centration in lattice umder the luence of hydrogen trap-
ping by metal structural imperfactions. By the electrochemi-
cal permeation measurements the hydrogen current permeation
degendencea on time for steel with varying polarization con-
ditions have been studied.
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INTRODUCTION

It 15 well known that diffusible in lattice hydrogen atoms
can interact with structural imperfections in crystals (Geld
et al., 1979). Such Interactions 18 observed already in pure
metals, and especially displays during the of inclusi-
ons. The presence of hydrogen in defects of metal may be cau-
8e a 1os8 of mechanical ¢ cteristic of materials, This
problem is studied many years, but not all aspects yet re-
mains to be understood (Pressouyre and Bernstein, 1978).
McNabb and Foster (1863, 1965) submited a considerable con-
tribution into the theory of the hydrogen behaviour in me-
tals. They developed a i?lneral theory fo the describing of
the hydrogen diffusion steel. However, the authors does
not take Into account the irreversible trapping (MF-model).
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They introduced the formal constants of capture and realese
hydrogen rate and recieved the differential equation descri-
bing %he iransport and diffusion processes 1n metals. This
equation differs from Fick's second law by the presence the
a&ded ithem, which take into account the 1interaction mecha-
nism. Casky and Pillinger (1975) generalized the MacNabb and
Foster's equation for decision the some problems distingui-
shing by ihe initial and boundary conditions.

iino (1582a,b,1585) develoggd a diffusion model, which 1is
consistent with MF model. e Investigations (Iino, 1982a,b)
contain the theoretical analysis of reversible and irreversi-

ble trapping.

Comparision the experimental data of the hydroien transport
through the metais and results of the mathematical MF-model
indecaied that the theoretical bifurcation of the kinetic de-
pendence, In spite of numerous measurements, never has not
veen observed. In practice the permeation curves of hydrogen
nave a maXximun. The time-dependents of the current permeatfgn
with various sulfur contents can serve as the typical e le
(Fig.2 (Iino,1S85)). These curves have a obvious maxima. a-
lues the current permeation in maxima and its attained time
depends from sulfur concentration. Thus, there 1s discre ancy
beiween MF-model and real system. Since Iino (1982a,b in
their invesiigaiions considered more complicated mechanisms
of Initeraction, he does not obtained the  theoretical depen-
dence for current iransient with maximm.

For anaiysis of the hydrogen behaviour in metals Wua (1887)
developed a mathematical model diIIering from MF-theory. Au-
thor iniroduced the new boundary conditlon on Input of nem-
brane. According 1o this model the irapping 1s considered on-
1y In subsurface layer of metal.

MATHEMATICAL MODEL

Beiow 11 is represenied the resulis of the analysis of the
generali-z.ed model of the hydrogen Interaction with structural
uiperfactions in metals. I1's dur point of view this model is
iree from above mentioned lacks of the Wu's and McNabb-
rosier’'s iheories and &xact describes the processes tak
place in real sysiems during the hydrogen diffusion thrm%
ine metalis.

et us consider the Influence of trapping behaviour on the
hydrogen transpori kKinetic throu the metal membrane. Accor-
din.g .0 the theory of McNabb-Fosfer (McNabb and Foster, 1963,
1565), hvdrogen is captured 133;‘ Inllowing scheme

T

H, % H 1, m

where K and kK, 1s the formal rate constants of the capture

and reilease, respectively. This case will be corres ond to
hydrogen diffusion with traps of one kind or reversible trap-
ping {I1no,13982a,b). In equation (1) the hydrogen captured gy
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traps 18 situated In rectangie. By equation (1) the diffusion
proglem for plane membrane can he written as

(\b]
-

9g/9T + oV/oT = o“g/az” {

aV/oi = Ag - uv 33

g(z,0) = 0 =0 0=z 1 {45
g(0,7) =0 120 2z=0 (5)

g, T)=1+(A/plexpi—{(A+p)5T] 1 >0 2z = 1 (B

Here A = NklIf/DH; ho= k}.‘/l)ﬂ;g(z,z):c(z,'t)/c:; N is5 ine
number of iraps per unit volume. V = NG/C), where 6 1is the
fraction occupied of N traps, C: » D, 18 the hydrogen concen—

tration and diffusivity in the system, respectively, L is ihe

thickness of membrane. The non-dehensional parameters A and p.

represents the ratio of capture and diffusion constants (A)
release and diffusion constants (1), respectively. :

The equation for the current permeation can be written as

I('t)=(p./(p.+M){1+S”1+(}\,/p,)[exp[—(hﬂ).)'r,]+S_S.‘—S__.°J} (7)
where ' -

si'z =t (-1 )Kaf exp(—Sf‘) (8)
(R3] . i
S,,e =L (-1)" (B GapDexpl - (igh)s 3/ (hapiS) ) (9)
5,6 = E (-1)"(a/S])exp[ -5 = 1/ (A+s-5) (10
Here
B.: = 27’»1}(2/5;‘, |:1 + ’A‘J/{S"_p')/ 3 . (1

and Sf is the poles of the equation

S, = (1/2)CA + p + K« / en’®) - quic T (10

i2)

Equation (7) 1s non-convinient for analysis. That is why the

numerical calculations of the kinetic dependences of c¢urrent

germeation versus time with various vaiues of A and Y parame—
the

ers have been carried out. It 1s obiained i ime—
dependents current permeation is disthfuished with the chan-
ging of p value and have a three typical forms (Fig.1).

For the small values of hydr‘)%en release from traps consiant,
p=0,1 (Fig.1a) the curves of lime-dependents current permes-—
tion have obvious maxima. §ith the decreasing of the hvdrogen
capture rate by traps, i.e. A —>3, maximu i8 smooihed and in
1imit the curve I(%) 15 consistent wiih ciassical dependence,
The 1increas of A tends to snifi the waximimn ciTrent and
its position 1o short times.
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For the large values of . (Fig.1b), when the release rate of
the hydrogen atoms from traps is fast, the theoretical time-
dependents current permeation have S-form, distinguishing by
the steady state current permeation value. In this case the
more of value A the smaller I(t). Generally, one may Judge
the current transient degendences versus time qualitatively
are coincided with classical case, when the processes of the
hydrogen capture and release are absent. These enable to dis-
cover the kinetic effects, which is due by the hydrogen inte-
raction with structure imperfactions of metals.
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Fig.1. The time-dependents of the current permeation in
non-dimensional form. The calculations with
Eq. (7) are showh by solid lines; the calculati-
ons with g ximations (13) and (14) - dashed
lines. A icated on plots and p: o - 0.1; » -
103 ¢ - 1, respectively.

Finally, the third time—deg;endents current germeation is ob-
served for average p (Fig.lc). It 15 shown the curves have a
maxima and plateau, moreover the value of plateau 15 more
then the value of current permeation in minimm. The value of
the steady atate current permeation is increased when A 1s
increased. The smaller 1ts attained time 18 the smaller A.
The influence of the hydrogen capture constant by traps A on
the value and time position of the current maximum is analo-
gous to case with the small p.
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Thus, ihe capture and release hydrogen parameters -
enced on the shape of the theoreticgl c?uTent peI'mgﬁiorilngég—
sus time dependences adding to them the extraordinary charac-
ter (Fig.1). It 15 shown that the attained time of the cur-
rent bermeation maximum does not depend from p and is defined
0y A. Witn increasing of the hydrogen release rate constant
from traps the character of permea%ion curve 18 changed on
ggponential and attained time of steady state 1is decreased
Li should be noted that ine iheoretical time-dependents cur-
Tent permeation showing in Fig.1 are consistent with numerous
eXperimental observation., For example, the permeation iransi-
enis with typical maxima are found by Tino (1982b),Bockris
and Subr&mgnyan (iIS74). Smoth S-form I(%) deperidencea are ob-
served by Turnbull et ai. (1589),Pyun Su-11 and Oriani (1389),

Smail i, when the release rate of nydrogen from

small (Fig.1a). At long time, when -~ ->-.u,gduring thetga gult?—3
tion with equation {(7) the contribution of sum (8)-(10) 1is
very small. Hence, formula (7) can be represented as

InZI0)-I0») D = InT A/ () T - (A+i) T (13)

It 1s shown the creating plot in In{” L(t)/T(x)-1] versus t

coordinate enable to Treceive the method for the dete

A and | parameters. The curves founded with the Ionuunlnén abigr)n
for the small P and various A are shown in Fig.1a by dotted
lines. It is necessary to mark that the calculations for com-
mon e?uation of current permeation {(7T) are consistent with
calculations with approx tion (13) dur decay transient
after maximum ug to steady state. With the decreasing A  the
region of capaclity for work 18 1increased.

Large u, when the release rate of hydrogen from 1t

large (Fig.1b). ror t L —>w 1o
Cmgbe (regeiv gd he v and large . from equation (7)

Inf 1-1(4)/1" (w) J = In2-%'D_ t/1° (18)
where 1’ (w)=nFD C>/L; D, =D _j/ (AHi). The calculations with

“! H
formula (14) are shown in Fig.1b by dotted line
served the good coincidence with curves of cor?m-ntrlt igatggr—l
:%;%'%ggsgg :hgting of curve to the steady state. wi the
fooroeain 2 € region of capacity for work 1s increased, ag

For the average tt_(Fig.1¢c) the region or capacit
approximations (13) and (14) is vgry smlll.) Hoze\j;g;: wog;(igf
tence in tais case two a proximate equations enable to esti-
mate the A and b values by the nmner?cal calculations.

Thus, the us 0f the approximate equations

engb}e to obta the constaggs of hydro - igtemé;%r'l S:ﬁ

meial defects. But for the estimation of kK and k 1t 1g ne-
1 2

cessary to determine the lattice diffusion coef
drogen D" and hydrogen concentration at entry oiir%égglt'agg gX‘
H
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EXPERTMENTAL METHOD

dydrogen permeation experiments were conducted by the elec-
tTochemical method (Devanathan and Stachurskl,1862). The c¢a-
thode chamber contalned the aclid electrolyte (0,1 M HZSO‘

#ith 4 mg/1 H 5e0, added as a hydrogenation promoter), and

anode chamber — 0,1 M KOH aqueous solution. For membranes was
used the thin steel, 0,5 mm thickness and following chemical
composition {%) C - 0,187 ¥n - 0,52; 51 - 0,34; S - 0,007; P
- 0.015; or - 1,22; Ni - 0,04. Mechanical pro ertg.es of 1he
nsed ppecimens: uitimate sirength - 123 Kglm y, bursting
strengin - 743 MPa, specific elongation - 5 pct.

RESULTS AND DISCUSSION

e 3 illusirates the devendences of the current permeatl-

rereus time Tor steel with various cathodic current densi-

"t is shown ithat the curves have a maximm. The statio-

current vaiues increases with the increasing of the cur-
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densities. Maximum becomes more obvious and 1s shiftied
the snort times. Wnen ihe hydrogen interactlon with metal
hase 1s absenaey the permeation kinetlc curves does not dis-
Yinguished from the classical curve. This enable 1o determine
the lattice diffusivity DH and hydrogen concentration c‘; at

input surface of membrane from plot Inl 1(1)t"* 7 s
/4. From the slope of ploi is evaluated DH. and {rom seg-
ment, which cutting off 1t on axis Ini_ 1)t o - CH
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Fig.3. Dependences the current permeation versus time

for steel 65I'X for various current polarization
values: — -I=100 mA; \/-I=150 mA; o-I=370 mA

Results of calculations with the developed mathematical model

are given in Table. From table it is shown that the increasing
of the current density tends to increasing of parameter p and

does not infiuenced on A.
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Fidie
The winetlc parameters of the diffusion and
nydrogen fnteraction with traps in ateel.

T -

Polari- D 5 i, K,
zation v g Galculated 16 xo7*
éur’rent. T xXi0 , i’ ;‘:
A cw’/8  wol/cm’ A i
100 2.38 1.74 0.2 0.156 1.9 0.85
150 2.31% 2.34 0.22 G.22 2.77 1.85
370 2.82 3.08 0.25 0.48 2.82 5.08

Similar »/u ratio and values Nk and k, determined for 1ron

bR

alloys with more s 1lificated model was obtained by Presso-

uyre and Bernsieln (1378 ).

Thus, the parameiers of the hydrogen Interaction with metal
ghase. A and v, obtained by the varioiuis methods, enable with
ne caiculations of general equaiion for current permeation,
to compare the shape of the theoretical dependence I(t) with

experimental.

Tnls 15 shown 1n rlgure 5, where 1llusirates In non-

dimensional form the experimental data (Fig. 3 (points))
theoretical dependence I{7), calculaied wi%h

and

general equation

(7). The values D and ‘7:' obtained from approx tion

1.0¢

e v o -~ T
0.01 0.1 1 10

Fig.5. The time-dependents of the current permeation
the steel 65T'X in non-dimensional form. (—)
theory for A=0.25 and p=0.45. —-I=100 mA;

T=150 mA; 0-T=370 md {experimental data)

at sanrt time, 13 i18ed Tor the transfer of experimental
sults to non-dimensional form, 48 showo from Figure 5,
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majority of experimental points are acord with theo: ca
dependence, and this fact we consider as one of ihe argmment
of the capacity for work oi feneraiized model oI the hydroge
interaction with reversible ?raps in metal.

CONCLUSION

It should be noted that elshorated by us the generslized mo-
del coneiderable extends the experimental possibiiity of the
electrochemical hydrogen permeation technione. The developed
theory enable to determine the constants of the hydrogen in-
geraction processes with metal phase Irom the exvperimental
data.
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