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Effects of self-induced stress on the steady concentration distribution of hydrogen
in fcc metallic membranes during hydrogen diffusion

Wu-Shou Zhangd:? Xin-Wei Zhang? and Zhong-Liang Zharlg
Linstitute of Chemistry & Center for Molecular Science, Chinese Academy of Sciences, P.O. Box 2709, Beijing 100080, China
2Institute of Applied Physics and Computational Mathematics, P.O. Box 8009, Beijing 100088, China
(Received 13 October 1999; revised manuscript received 24 March 2000

Based on the thermodynamics involving the lattice expansion due to hydrogen insertion, the interaction
between hydrogen atoms and the blocking effect in hydrogen diffusion, we discuss the profiles of hydrogen
concentration and self-induced stress, and their interaction in the steady state during hydrogen diffusion across
elastic membranes of fcc metals or alloys. Contrary to the conventional viewpoint, it is found that the self-
induced stress suppresses the departure of the concentration distribution from the linearity. The residual stress
profile depends on the phase of metal-hydrogen system. However, the diffusion flux is independent of the
existence and magnitude of self-stress; this conclusion means that the conventional steady-state method for
measurement of the diffusion coefficient can be applied experimentally even while the self-stress effect is
significant. Finally, although these results are obtained from the fcc metal-hydrogen system, our conclusions
can be extended to the diffusion problem of other interstitials in solid samples.

[. INTRODUCTION diffusion flux, plate thickness and concentration step is valid
even while the self-stress effect is present. To be specific, we
When an external bending is applied to a solid, the in-discuss the hydrogen diffusion across a fcc metallic plate
duced deformation field will cause interstitials in the samplebecause hydrogen in these materials, such as Pd and Pd-
to move toward expanded areas; this phenomenon is knov\;ﬁﬁsed aIonS, has been extensively studied in the self-stress
as the Gorsky effect? Moreover, the stress induced by the experiments”*°
concentration gradient of interstitials inside a solid without
any external bending has a similar effect as wélFor hy- Il. MODEL AND RESULTS
drogen diffusion across metallic membranes, Lewis and co-
workers and some other researchers showed that the interw
stress results in a flux opposing to that generated by diffu
sion. This feature has been referred to as *“uphill
diffusion.”®™** They verified that the self-stress not only wn(X,0) = uu(x,0)— Vyo, (1)
leads to a misestimation of diffusion coefficient using the

time-lag method;*° but also modifies the steady-state dis- ;
tribution of interstitial in solidgH in metals or alloys in their the stress—fre_e stater€=0) and it plays the role of_the stan-
dard state with respect to the stress x symbolizes the

case.l°This means that one must be cautious about mea-",. .. . ) ;
suring the diffusion coefficient of interstitial in solids either relatlye concentration of H iM and is expressed as the
by the t ient teadv-stat thod. H th i tomic ratio of HM. For fcc metals and alloys above men-

y the transient or steady-state method. However, there Slij, o4 occupies only the octahedral interstitial site and we
exist some controversies on the problem of the steady-stal

ST ) o . 3 0 ffave o=x=<1. Vy is the partial molar volume of H iM.
distribution of interstitial in solids. I%iand Baranowskr had Referring to Baranowsk and Fukaf® V,,=1.69 cn¥/mol

predicted that the linear profile is the natural result, but some phiie x<0.75 andVy,=0.18~0.42 cni/mol while x>0.75.
latter theoretical and experimental works supported the con- Tphe chemical potential of H under the stress-free state in

cept of the non-linear distributiolf**'*%"In an earlier pa- E£q. (1) may be replaced by the expresSdf
per, Zhanget al*® have proved analytically and numerically

that the linear profile is the only solution for interstitidly- X

drogen diffusion across an elastic membrane in the steady p(X,0)= g+ HH(X)+RT|n<E)- 2
state while the metal-hydrogen system is in the phase of

dilute solution. Owing to the fact that self-stress experimentshe first term in the right-hand side of this equation is the
are always carried out in the situation of high hydrogen conchemical potential of the reference state, the second one is
centration where the interaction between hydrogen atom#he enthalpy, the third term is the configurational entrdpy,
and the blocking effect in diffusion must be concerned, sds the universal gas constaiitjs the absolute temperature in
the applicability of this conclusion from the dilute solution K.

condition is in doubt in the practical cases. In this paper, we The enthalpyH(x) in Eq. (2) changes withx due to the

will further prove that the self-induced stress supresses thel-H interaction and it is generally a concave function as
departure of the concentration distribution from the linearity,shown in Fig. 1. It can be expanded in a power series to the
and the diffusion coefficient deduced from the steady-statdirst order,

According to Refs. 3,4 and 15, the chemical potential of
drogen interstitial in a metallic lattiod) under a stress
can be expressed as

whereuy(x,0) denotes the chemical potential of hydrogen in
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FIG. 1. Schematic picture of hydrogen enthalgy; as a func- FIG. 2. Schematic picture of hydrogen diffusion across a metal-

tion of hydrogen concentrationfor H in Pd and Pd-based alloys. |ic membrane. Wherg is the atomic ratio of H tov; x* andxZ are

values ofx in the stress-free state corresponding to the imposed
Hy(X)=Hp(Xg) + Up(X—Xg) + O(X—Xg)?. 3 hydrogen pressure for the gas technique or potential for the electro-
chemical technique at the upstream and downstream sides, respec-
The linear approximation indicates that this expression isively; x, andxg are the actual values of at both sides, respec-
valid only in a certain range of nearxy. From the point of tively.
view of physics, the change of enthalpy originates from the
elastic and electronic interactions between H atéhiBhe  boring octahedral interstitial sites, the blocking factor is (1
elastic interaction is caused by the dilatation of the metallic—x). Thus the hydrogen flux has the form
octahedral sites arising from the occupying hydrogen atoms
and it leads to attractive interactions between H atoms in the Do(1-x)Cy
lattice. It is found thatJ,= —50~ — 20 kJ/mol for Pd and J=——F%7  Vuuxo0), )
Pd-based alloys whiley<1.2%%! When x, increases to a _ S o
certain valugits magnitude depends on the sorts\f, the WhgreDo(l—x) is the Einstein diffusion (_:oeff|C|ent. Intro-
enthalpy decreases to the minimum and it then increases wii!¢ing Egs.(1)—(4) into Eq. (5), we obtain the hydrogen
X, Up to the saturation absorptiony=1). The increase of [lOW in the most general form for present purposes:
enthalpy withx, results from a stepwise in the Fermi energy,

which occurs after electrons from the dissolved hyd i Us 2VﬁYC0 X
ydrogen fill J=—DoCo| 1+ | ot X(1—x) | =
the d band of metal and the additional electrons enterghe RT 3RT Jz
band?? It is found that U,=50 kJ/mol for Pd when 0.6 5
Similar to the model used in previous pap&ts;*8we O L3RT 0 '

consider hydrogen diffusion across a thin plate that allows . - _
our analysis to be reduced to a one-dimensional prolgéem  APPlying the mass balance condition to the flux expression

Fig. 2. The self-induced stress’i$1°-18 gives’®
ox
VWYGC[ 1t 12z-Li) X _v.s @
o=———F | X~ —f xdz— ————— at
3 I_ 0 L3

The boundary condition 13

xfOLx(z— L/2)dz|, (4) uu(X,0)=puy(x*,0), z=0 orlL, (8

wherex* is the hydrogen concentration at the outer surfaces

where Y=E/(1—-v), E is Young's modulus,E=(1~2) corresponding to the imposed hydrogen pressure for the gas
x 10" Pa, v is Poisson’s ratiop=0.3~0.4, C,, is the satu- phase technique or the potential for the electrochemical tech-
ration concentration of H iM corresponding tox=1, Cg, nigue under the stress-free condition. Equati®nis similar
=0.1~0.15 mol H/cni; L is the plate thicknessz is the  to the first boundary value condition in some sense as shown
coordinate along the diffusion direction, the upstream side i$n Fig. 2.
z=0 and the downstream sidezs-L. For the purpose of analytical and numerical treatment,

As verified experimentall§® the mechanism of hydrogen further analysis is carried out in terms of dimensionless vari-
diffusion in fcc metals is the H atom jumping between neigh-ables and equations. Introduction of the following symbols
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§:Z/L1 (9) ub+ Usy
(1=§= 3 x %)
=Dyt/L?, 10
e 10 1[ (UptUy)]
_— 1_ -
_ LJ w Au,
I= DoCy’ (1 Au,(1-2x)+w Au,(1—2xg)—W
N AU (1—2x)—w AU, (1— 2xg) + W
U
”b:R_'br’ (12) (20)
with
2
o0=3VhY Co, (13 w?=(Au,)?+4Au,j. (21)
and x as a function of¢ can be iteratively solved through com-

bining Eqgs.(15) and (19—(21). Assume a set of values,

Xgr, and A, new values ofxg and A can be iteratively ex-
(14) tracted by combining Eqg15), (20), and(21). Adjustj and
repeat the above procedure up to the resutfetbeing equal
to the known value. Numerical results shown in the table and
figures of this paper are calculated using this method. For the
sake of contrast, we do not directly shovbut illustrate its
%feparture from the ideal linear distribution

VHO-O
Yo RT

whereuy, o, andu, are material constanuy, is the H-H
interaction factorp is the maximum self-induced stress;

is the self-stress factor. Using the values mentioned abov
we haveu,= —20-20,0,=1.7-56 GPa, and,=0.1-40 at
room temperature. Besides the variables in Egs:(14), we

introduce another quantity(r), defined as dy=Xx—[x{ = (x{ —=xg)¢€] (22
1 in the figures.
A= _12f X(£—1/2)dé. (15) Another way of obtainingk is to numerically solve the
0 partial integro-differential Eqs(15)—(19), the desired solu-
o tion is acquired wherr is large enough £>1). Of course,
Thus Egs.(4) and(6)—(8) can be simplified to results achieved by these two methods are consistent with
each other.
B 1 For understanding this phenomenon more clearly, we give
P b fo xde+A(E— 1/2)} (18 the series solution in the below. First of all, rigorous results

can be obtained for two special situations. One is dgr
—0, solution of Eq.(17) is

j=—[1+(upt u(r)X(l—X)]i—);—Au(rX(l—X), 17
O EN— (v vk %2_*2_&3 3_  *3
J(1=§)=(Xx—xg) + 2 (X*=Xg%) 3 (X°=Xg").
X B dj (23)
ar ¢’ (18)
The corresponding numerical results are shown by dotted
and curves in Figs. 3—6. We find they are all the most bent
curves and the magnitude of nonlinear part is much less than
X X* that of the linear one whil& is large.
mexﬁubx) / L - exﬁubx*)] Another special case is far,— 0, there is
1 J(1=6)=(X—Xg). (24)
=exp{ —Uu, x—f xdé+A(E—- 1/2)”,
0 This is the linear solution as has been discussed in the earlier
studie$'*>*®although the blocking effect in diffusion and the
§=0orl, (199 configuration entropy in chemical potential of hydrogen are
_ involved here. An example of this solution, the horizontal
respectively. dotted line, is shown in Fig.(8). For a more general situa-

We attempt to analytically solve these equations in thejon, a power series expansion foabout the poing=1/2 to
steady-state diffusion. Becauseandj are all time indepen-  the third order gives

dent in the case, Eq17) is reduced to an ordinary differen-

tial equation andk is uniquely determined by. Integrating X=X+ ay(é—1/2)+a,(£— 1/2)%+as(£— 1/2)3

Eqg. (17) with respect toé from ¢ to 1 by separation of mo ot 2 3

variables leads to +0(£—1/2)%, (25)
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7 \\ (b) wherex,, is the value ofx in the central plang=1/2. As a
- Sl AN . crude approximationx,, can be replaced by the average
;T SN value ofx, andxg. Substituting this equation into EL5)

0.0 _/////—\ gives
) AN
/.// \\\.\ A=— aj; (26)
; N

< L/ A . . . .
b S \ N in the second-order approximation. Introducing Eg@$) and
= ] \\ . (26) into Eq.(17), we obtain the expansion coefficients
03 | ! .
/ j
| ~ —
[/ Y & 1+ upXm(1—Xm)’ @0
1]
!
! 1 Up(1—2X
-0.6 / 1 | 1 | 1 | ) | 1 a2: _ b( m) ai’ (28)
00 02 04 06 08 1.0 2 1+ (Upt Uy)Xm(1—Xp)
z/L and
1 adu,—aja,(3u,+2u,)(1—2X,,)
3.3: = 1Yb 142 b m (29)

3 1+ (UptUg)Xm(1—Xq)

From Eq.(27), we find thata, is out of relation tou,,, this
means that the linear part of the concentration distribution is
independent of the self-stress. By E(8) and(29), we find
thata, andaz— 0 whenu,—0 oru,—%. The former con-

Jdi

1.2
06 .
=
k=
" 5
E G
z/L 00 =
FIG. 3. Numerical results of profile of hydrogen concentration,
self-stress and stress-induced flux during hydrogen steady diffusion
across a platga) Departure of hydrogen concentration distribution 06
from the ideal linearityd,=x—[x{ — (X{’ —xg)Z/L], (b) profiles of
the relative residual self-stresga,, and(c) profiles of the relative L
stress-induced flux, /j. The dashed, dash-dot and solid lines are B
for u, = 1,5, and 20, respectively. The other parametegs: FIG. 5. An example similar to Fig. 3 but with different param-

=0.2,xg=0.1 andup=—5. eters:x® =0.5, x5 =0.4, u,= 10, andu, = 20.
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LA L L N Therefore the relative contribution of self-stress to the total
S 04 chemical potential decreases with increasings well as the
self-stress effect.
Although Figs. 3 and 4 show two different situations, they
have the same feature, i.€,<0 orx is a concave function

e
o

NS of ¢ The solid samples bear the compressive stress near
x° 00 - surfaces and the tensile stress in the central region as before
= & illustrated in the hydrogen absorption proc&s&However,

02 = we find that the contrary situation can occur wrer<0 in

Eqg. (30), which corresponds ta,>0 andx,,<1/2, or uy

<0 andx,,>1/2 as indicated by Ed28). Figure 5 shows an
-0.4 example of this situation, it is found that the H concentration

distribution is slightly protrusive andis great than the ideal

linear case ¢,>0). The self-stress and stress-induced flux
z/L are in contrast with those of Figs. 3 and 4. In experiments,
this situation can be realized by raising temperature or using
some alloys, so the miscibility gap of different phases disap-
pears and only one phase exists. Formallyxjf>1/2 and
u,<0, there will be the similar result but this situation is rare

dition makes Eq(25) equivalent to Eq(24) and the latter beca:]uostﬁjebir(])te\}/\rlgglﬁnx IS Laerr?(?r.nenon occurs whier: 1/2 as
case means that the self-stress suppresses the departure ofA ap il

. o . . . - llostrated in Fig. 6. In the case, the stress effect must be
concentration distribution from linearity as illustrated in described by the third-order approximation dueato=0
Figs. 3—6. Of course, Eq25) is reduced to the series solu- y PP =5

tion of Eq. (23) whenu, —0 The nonlinear part of the concentration distribution and the
Substi?lljting Eq (25)Uinto .Eqs (15) and (16), we obtain stress profile have third-order characteristics, and the stress-

; y . ) induced flux has a quadric form as indicated by H@®),
the residual self-stress in the steady-state, (30), and(31), respectively. Different features between Fig. 6

FIG. 6. An example similar to Fig. 3 but with middle values of
hydrogen concentration. The parameteds=0.55, x5 =0.45, u,
=10, andu,=20.

o 1 2 1\ 3 1\2 and Figs. 3—5 make us obtain the condition
O IR I M I %21 32
—|>
az

Because the linear concentration profile gives the zero streSgnder which the second-order approximation is valid; other-

the residual self-stress arises from the nonlinear part of thgise the third-order approximation must be considered. In-

c_oncentration distripution. In the second-ord_er apprOXima’[roducing Eqs(28) and (29) into this equation and neglect-
tion, only the term witha, is left; the self-stress is symmetri- ing the higher-order terms, we get the condition being
cal about the central plane of plate ameF0 at£=0.21 and equivalent to Eq(32)

0.79 which explain why several stress curves in Fi@) 3
seem to intersect at these two points on the zero stress axis. |Xm— 1/2|>|a,|/3. (33
Figure 3b) reveals that the second-order approximation is

appropriate while the self-stress factgy is large enough. This criter'ia is based on the series expansion about the
The stress-induced flux is middle point £=1/2. Actually, x can be expanded at any

point in the overall range of €¢=<1, so we find that,
3 2 =0 if x=1/2 at the point expanded from E{®8), so we
2—0—3( &— E) } obtain the necessary condition for consideration of the third-
order approximation

jo=au X(1—X)(1—2&)+azu,x(1—x)

(31
As a second-order approximation, this expression and results Xt >1/2>xg . (34)
shown in Figs. 35 indicate that the stress-induced flux inptherwise, the second-order approximation is enough to de-
creases with increasing,, andj, has opposite contribu- ¢qripe the self-stress effects.
tions to the overall flux in the two different half regions (0
<¢E<1/2 and 1/ £<1).

Figures 3—6 show the numerical resultsdgf, o/oy and
is!] as functions of¢ with different parameters. Examples By Figs. 3—6, we find that the self-stresses flatten the
shown in Fig. 3 are for the dilute solution of H M (« nonlinear distribution and it presents a striking contrast to
phase u,<0). The situation of hydride phasg (phaseu, other researchers’ predictidf;'*1¢1’this phenomenon can
>0) is shown in Fig. 4; we find that the relative quantities of be understood through the stress distribution. For the con-
the self-stress and stress-induced flux are much less thaave profile ofx vs &, the stress distribution is protruding.
those in thea phase. This is because that is very small  Because a stress-induced flyxis proportional to the gradi-
whenu,>0 as indicated by Eq28). From the point of view ent of stress, s, is positive and negative in the left and
of thermodynamics, the chemical potential increases sharplsight regions, respectively. This means that the self-stresses
with x while x>1/2 as discussed above and shown in Fig. 1 make the pit of concentration departure from the linearity to

I1l. DISCUSSION AND CONCLUSION
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TABLE |I. Numerical data of example shown in figures of this paper.

Xt XE Up U, XL XR A J
0.2 0.1 0 - 0.2 0.1 0.1 0.1
-5 0 0.2 0.1 0.1 0.0366667
1 0.195278 0.0992552 0.0944337 0.0366566
5 0.190580 0.0979614 0.0925817 0.0366443
20 0.188163 0.0968829 0.0914314 0.0366367
0.7 0.6 10 0 0.5 0.4 0.1 0.326667
20 0.699525 0.599590 0.0998750 0.326667
0.5 0.4 10 0 0.5 0.4 0.1 0.346667
20 0.500112 0.400169 0.0999017 0.346667
0.55 0.45 10 0 0.55 0.45 0.1 0.349167
20 0.549972 0.40028 0.0999047 0.349167

8889

n is the figure number in this paper.

be filled in. Similarly, the same mechanism can explain thainterface process must be fast enough to reach the pseu-
the stresses make the pile of concentration departure fromloequilibrium.

the linearity to be cut out as shown in Figs. 5 and 6. In A basis of our model is that the sample consists of
previous works, it was considered theoreticify/ and veri-  dislocation-free crystals and all stresses created are not re-
fied experimentalf~ that the self-stresses make the hy-laxed at grain boundaries or by plastic flow. The validity of
drogen distribution has a concave shape or S shape along tHdS assumption in experiments depends on the sort of mate-
diffusion direction in plates. Our results demonstrate the contial, processing of material preparation and specific condi-
trary situation, i.e., the concave, protruding and S shape prdlon- Nevertheless, some conclusion can be reached from our
files of hydrogen content under the stress-free condition wilf€SUlts as discussed above. We find that the maximum self-
be straightened by the self-stresses. It indicates that the cofd€SS in our model is in the order of 10 MPa which is less

responding experimental results associated with the “nonlin:[han the yield stress of most materials, therefore the stress

ear distribution” need further interpretation using other M&Y pe maintained for a long time. Another.fact IS .that the
mechanisms. On the other hand, our results show that t agnitude of self-stress decreases with the increasing of hy-

linear profile of hydrogen concentration is a good approxi- rogen concentration as shown in Figs. 3-6, this means the

mation for the steady-state diffusion in an elastic membranes.e”'stress effect is not prominent at the high hydrogen con-

Although these results are obtained from the system of hycentration as discussed above. -
g ¥ 4 In summary, we have established a model describing hy-

drogen in fcc metals or alloys, this mechanism and conclu;j diffus lastic f liic ol Thi
sion can be extended to all sorts of interstitials in solids. 2ro9en diifusion across an elastic fcc metallic plate. This

Another striking feature of our results is that the quxesmOdeI includes the self-stress effect of hydrogen insertion,

almost maintains constant values either for self-stress is alf'dH lnterﬁctlorr]l andlfblocklngﬂ effect u;dn‘fus:pn. Thd(? relsl;ult.s
sent or present, weak or strong as shown in Table I. Th icate that the self-stress flattens the nonlinear distribution

reason is that the diffusion flux is determined by the gradienf)f hydrogen_ concentration in the plate and it is contrary to
of the chemical potential as indicated by E@), and it the con\./ent.lonal viewpoint. On thg other hand, the d|ﬁu5|op
should be constant for fixed imposed boundary conditionsf.lux maintains constant even while the self-stress effect is
Despite the self-stress modifies the local concentration opresent.
interstitial, the chemical potential and its gradient, which
corresponds to the interstitial flux, do not change with self-

stress in the steady state. For practical cases, this means thatThis work was supported by the Natural Science Founda-
the average diffusion coefficient can be measured by the reion of China under Grant No. 19455001, the Pan-Deng
lationD=LJ/AC (AC is the concentration difference across Project of the Department of Science and Technology of
the diffusion membraneand it is independent of whether the China under Grant No. 95-yu-41, the President’'s Foundation
self-induced stress is concerned or not. Of course, the bounadf the Chinese Academy of Sciences, and the Foundation of
ary condition of Eq(8) must be satisfied; in other words, the the China Academy of Engineering Physics.
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