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Sulfur segregation on a hydrogen-stimulated nickel surface

O. G. Romanenko, V. P. Shestakov, and I. L. Tazhibaeva
SRIETP Kazakh State University, Tole bi Street 96a, 480012, Almaty, Kazakhstan

~Received 3 March 1999; revised manuscript received 8 July 1999!

A technique based on combining segregation experiments with a hydrogen permeation technique has been
suggested to investigate hydrogen-stimulated segregation of impurities on a metal surface. Using this tech-
nique, the influence of hydrogen upon sulfur segregation on a nickel surface was investigated. Sulfur diffu-
sivities in nickel were determined in the temperature range 923–1123 K both with and without hydrogen in the
bulk of the nickel sample. Hydrogen was observed to intensify the process of sulfur segregation on the nickel
surface. The influence of hydrogen on sulfur diffusivity in nickel was considered in the framework of a model
of a solid substitution solution with hydrogen as an interstitial impurity, taking into account different atom
configurations in approximation of the nearest neighbors. An equation describing qualitatively the hydrogen
bulk concentration dependence of sulfur diffusivity in nickel has been derived.
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I. INTRODUCTION

In spite of the importance of the problem concerning h
drogen influence upon impurity segregation in metals, on
few works have been devoted to this phenomenon. Mo
over, these works are not recent ones and relate to prev
decades. J. Szymerska and M. Lipski1 observed hydrogen
stimulated segregation of sulfur onto a palladium free s
face. In their next work,2 they investigated how hydroge
influences sulfur segregation on free surfaces of platin
palladium, and copper. When investigating the influence
surface elemental composition upon hydrogen permeab
through vanadium, hydrogen was observed to increase
rate of sulfur segregation onto vanadium surface.3 But these
works ascertained an existence of this phenomenon and
scribed some peculiarities of it without considering mec
nisms of hydrogen stimulated segregation of the impuri
onto metal surfaces.

To perform comprehensive research of this phenomen
one needs to be provided with the corresponding techniq
When investigating the influence of hydrogen being in
bulk of a metal on surface segregation of the impurities
metals, its bulk concentration must be maintained at a c
stant level while registering kinetic curve of impurity segr
gation. Hydrogen mobility in metals usually exceeds that
impurities by many orders of magnitude and this fact i
pedes using the samples previously charged with hydro
for investigation of hydrogen stimulated segregation.

In the present work, to obtain correct results, the exp
ments on segregation are suggested to combine with hy
gen permeation technique. At the appropriate size of
specimen and rate of pumping one can continuously con
concentration of impurity segregating onto surface of
outlet, in relation to hydrogen, side of the specimen
means of Auger electron spectroscopy~AES! technique.
Having constant hydrogen pressure under the surface of
side of the sample the concentration of bulk hydrogen can
easily maintained at stationary mode within the total per
of time that is necessary to obtain a kinetic curve of surf
impurity segregation.

Hydrogen-stimulated segregation of sulfur onto a nic
PRB 610163-1829/2000/61~7!/4934~7!/$15.00
-
a
e-
us

r-

,
f

ty
he

e-
-
s

n,
e.
e
n
n-

f
-
en

i-
o-
e
ol
e
y

let
e

d
e

l

surface was investigated using the above mentioned t
nique. The results obtained and possible mechanism of
phenomenon will be discussed further.

II. EXPERIMENT

A. Sample

For research, a disc of polycrystalline nickel~99.2%! with
0.7-mm thickness and 16-mm diameter was used. Conce
tions of the main impurities in the sample are represente
Table I.

B. Experimental device

The experimental device used in this work is intended
investigate hydrogen-stimulated segregation of the elem
onto research material surface and to determine param
of hydrogen interaction with materials. It consists of inl
and outlet chambers separated by the sample under res
in Fig. 1. The specimen was welded into the diffusion asse
bly in an argon environment.

Sample heating is carried out indirectly and allows one
investigate surface segregation and hydrogen permeab
through material in the temperature range 300–1270 K. T
temperature is measured by a thermocouple spot welde
the sample edge. Automation system provides tempera
control with the accuracy6 0.5 K.

The vacuum system is mostly made of stainless s
Cr18Ni10Ti and can be baked out up to 473 K. Inlet a
outlet chambers are evacuated with sorption and sputter
pumps~250 l/s! which provide pressure of residual gases
both chambers 131027 Pa, after it’s baking out.

Palladium-silver and pure-silver filters are used to ad
pure hydrogen and oxygen into the chambers. It allows
to operate with the high-purity gases within the range
pressures from 131027 to 13104 Pa. To admit other gase
and its mixtures into vacuum chambers the experimental
vice is equipped with dosing valve.

Partial pressures of residual gases are analyzed by m
of omegatron-type mass spectrometer with the accur
610%.
4934 ©2000 The American Physical Society
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Surface elemental composition of the outlet side of
specimen is controlled by means of an Auger spectrom
equipped with cylindrical mirror analyzer with energy res
lution DE/E50.4% designed by V. Zashkvara.4

C. Experimental technique and results obtained

After positioning the specimen~diffusion assembly! into
an experimental device, the inlet and outlet chambers w
pumped out to the pressure of residual gases 131027 Pa.
Measurement of partial pressures of residual gases was
ried out by omegatron-type mass spectrometer.

Then Auger spectrum of the nickel surface was obtain
The primary beam energy and the primary intensity were
keV and 10mA, respectively. The diameter of primary ele
tron beam was 0.5 mm and modulation voltage peak to p
22 V.

All the Auger spectra were recorded in differential mo
dN/dE. Surface atomic concentration of sulfur was obtain
from the ratio of S to Ni Auger peak heights. Auger peak
eV (L3VV) of nickel was chosen rather than 848 e
(M23VV) as more sensitive to the surface impurity conce
tration.

When calculating the surface concentration of sulfur,
following argumentation was used. If the bulk concentrat
of sulfur CS

b is negligible compared to its surface concent
tion CS

S, one can write:

CS
S5K•

I S~152 eV!

I Ni~61 eV!
, ~1!

whereK is the constant value;I S(152 eV) and I Ni~61 eV! are the
peak to peak heights of sulfur and nickel, respectively. T
equilibrium level of sulfur concentration on the nickel su
face is known to beCS

S'0.45,5 in the temperature rang
898–1073 K. Having measured values ofI S(152 eV) and
I Ni~61 eV! from the Auger spectrum obtained at the sam
temperature 1073 K and after annealing at this tempera
for 10 h, K was calculated. Equilibrium in the Ni-S syste
was experimentally found to be achieved after annea
sample for such period of time at 1073 K.

When heating up the sample, carbon and sulfur se
gated onto the nickel surface. To make an interpretation
the experimental results easier, an attempt was made to c
the surface and subsurface region of the sample from car
For this purpose, hydrogen was admitted into the inlet cha
ber up to the pressure 43102 Pa and penetrated into outle
chamber through sample heated up to 1073 K. Hydrocarb
were formed on the sample surface at this temperature
carbon combined with hydrogen was desorbed and pum
out. Duration of a such sample treatment was 30 h.

After carrying out five cycles of treatment at such con
tions the surface of outlet side of specimen was free of c

TABLE I. Concentrations of the main impurities in the nick
sample according to it’s certificate.

Element S C O P Si Al Ti Mo W Fe

Appm 15 650 160 25 280 900 1500 950 600 95
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bon and its segregation was not observed while perform
experiments on sulfur segregation onto a nickel surface.

To obtain kinetic curve of segregation one needs to h
initial surface concentration of sulfur significantly less th
its level of equilibrium segregation. Therefore, cleaning
the surface was necessary to be carried out before every
regation experiment. Sulfur removal from the sample surf
was implemented using a chemical reaction technique w
oxygen as the active gas. For this purpose, the sample
exposed to oxygen at pressure 1021 Pa and sample tempera
ture 873 K for one hour. Then oxygen was pumped out a
specimen was annealed at the same temperature in ultra
vacuum for three hours. After this treatment sulfur conce
tration on the surface was less than 5 at. %.

Kinetics of sulfur segregation onto the free surface
nickel were obtained in the temperature range 923–1123
Specimen was heated up to the necessary temperatur
2–3 min before taking data and evolution of sulfur covera
was registered. Kinetics of sulfur segregation onto the s
face of nickel are represented on Fig. 2.

FIG. 1. Experimental device: 1-sample; 2-heater; 3-inlet cha
ber; 4-manipulator for ignition of glowing discharge; 5-mas
spectrometer; 6-Auger electron energy analyzer; 7-outlet cham
8-oxygen diffusion filter; 9-hydrogen diffusion filter; 10-dosin
valve; 11-ion sputtering pump, 12-sorption pump; 13-vacu
valve; 14-oxygen diffusion filter; 15-helium leakage; 16-hydrog
diffusion filter; 17-pressure gauge.

FIG. 2. Kinetics of sulfur segregation on the surface of nick
obtained at different temperatures 923, 973, 1023, 1073, 112
~without hydrogen in the bulk!.
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4936 PRB 61O. G. ROMANENKO, V. P. SHESTAKOV, AND I. L. TAZHIBAEVA
When investigating hydrogen-stimulated segregation
sulfur, experimental procedure was the same but a
achieving the desired temperature hydrogen was adm
into inlet chamber and sulfur segregation kinetics were r
istered while hydrogen permeating through specimen. In
pressures of hydrogen were taken to provide the same g
ent of hydrogen concentration through the nickel sample~at
steady-state mode! at different temperatures. To estimate h
drogen concentrations in a subsurface region of the inlet
of the nickel specimen McLellan’s and Oates’es data6 were
used. Hydrogen concentration was assumed to depen
pressure according to Sievert’s law. Estimated concentra
of hydrogen in the subsurface region of outlet side of
sample was;0.1 appm in the total range of temperatur
~923–1123 K! and input H2 pressures 45–100 Pa. When re
istering evolution of sulfur coverage, input pressure of h
drogen was maintained at constant level. Kinetics of su
segregation on the surface of the nickel specimen with
hydrogen in the bulk are shown in Fig. 3.

Sulfur diffusivitiesDS in nickel were calculated from ki-
netics of segregation in accordance with the following co
mon procedure. Figures 4 and 5 show that kinetics of se
gation obtained in the temperature range 923–1123 K ca
described in the framework of kinetic model of McLean7 and

FIG. 4. Kinetics of sulfur segregation on the surface of nic
obtained at different temperatures 923, 973, 1023, 1073, 112
and plotted versust1/2 ~without hydrogen in the bulk!.

FIG. 3. Kinetics of sulfur segregation on the surface of nic
obtained at different temperatures 923, 973, 1023, 1073, 112
and while hydrogen permeating through material. Input pressure
hydrogen were within the range 45–100 Pa.
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Crank.8 According to this model, the initial stage of segreg
tion can be described by the following equation:

CS
S~ t !2CS

S~0!

CS
S~`!2CS

S~0!
5

2

ad
ADSt/p, ~2!

whereCS
S(0),CS

S(t),CS
S(`)-sulfur concentrations on the su

face att50, at the moment of time corresponding tot and
equilibrium surface concentration, respectively;a5CS

S/CS
b

enrichment ratio;DS-sulfur diffusivity in nickel; d thickness
of monolayer.

Taking the valuesCS
b51.531023 at. %,CS

S(`)'45 at.%,
d5231028 cm diffusion coefficients of sulfur in nickelDS,
DS

H were extracted in the absence and in the presenc
hydrogen in the bulk of nickel, respectively.

Obtained temperature dependencies of sulfur diffusivit
in nickel together with the data published by Vladimiro9

and Wang-Grabke10 are represented in Fig. 6.
One can see that obtained results on sulfur diffusivity

nickel without hydrogen in the bulk are in a good agreem
with the data of other authors. Hydrogen inserting into t
specimen increases diffusion coefficient of sulfur in nicke

Temperature dependencies of sulfur diffusivities in nick
can be written in the form of Arrenius equations

l
K

FIG. 5. Kinetics of sulfur segregation on the free surface
nickel obtained at different temperatures 923, 973, 1023, 10
1123 K in the process of hydrogen permeation through material
plotted versust1/2. Input pressures of hydrogen were within th
range 45–100 Pa.

l
K
of

FIG. 6. Temperature dependencies of sulfur diffusivities
nickel; straight lines-data of Vladimirov~Ref. 9! and Wang-Grabke
~Ref. 10!, symbols-results of present work:j-without hydrogen,
d-with hydrogen.
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DS59.831025 expS 2

209.7
kJ

mole

RT
D ,m2s21,

~3!

DS
H51.631027 expS 2

146.9
kJ

mole

RT
D ,m2s21.

It is appropriate to mention here that there is so
incorrectness in determination of sulfur diffusivity usin
approach described above. In calculations of diffusivit
the value of bulk sulfur concentration taken from specime
certificate was used. But when operating with t
single specimen, in the course of experimental proced
the sample surface was cleaned up several times and
treatment had to decrease bulk sulfur concentration in
subsurface region of the sample. Obviously, this fact sho
introduce some incorrectness in the values of sulfur dif
sivities obtained. Nevertheless, performed experime
clearly show an acceleration of sulfur segregation on
nickel surface caused by hydrogen. Assumed mechanism
this phenomenon is suggested in theoretical section of
work.

III. THEORY AND DISCUSSION OF THE RESULTS
OBTAINED

The problem concerned with the influence of interstit
impurity on coefficient of selfdiffusion of metal was an
lyzed for Fe-C system.11 In the present paper, using the sam
approach, we attack a more complicated problem that is
mulated as: the change of diffusivity of substitution impur
in a regular solution when an interstitial impurity is insert
in that.

It can be easily shown that diffusion coefficient of sulf
in nickel is able to be written as

DS5 f
a2

4
CVv, ~4!

wherea-lattice parameter;CV-relative concentration of va
cancies in metal;v-probability of transition of sulfur atom
into a neighboring vacancy per unit time;f-correlation coef-
ficient.

And accordingly, for diffusion coefficient of sulfu
in nickel in the presence of hydrogen in interstiti
positions

DS
H5 f

a2

4
CV

HvH , ~5!
e

s
s
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e
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e
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l

r-

whereDS
H is the sulfur diffusivity in nickel in the presence o

hydrogen in interstitial positions;CV
H is the equilibrium con-

centration of vacancies in the system Ni-S-H;vH is the prob-
ability of transition of sulfur atom into a neighboring va
cancy per unit time in the presence of hydrogen atoms
interstitial positions. Having written this equation, we a
sume that hydrogen has no influence on the correlation
efficient. Thus, to solve the problem one needs to determ
CV

H andvH .
Let us investigate problem in the framework of appro

mation of the nearest neighbors. Sulfur atoms on the pla
~see Fig. 7! that are the closest to the vacancy in plane II c
be positioned in four places. Taking into accountl nearest
vacancy atoms of hydrogen, 0< l<6, one can see that fo
any of four positions of sulfur atoms there are only two t
nearest places for hydrogen to influence on energy be
necessary for transition of sulfur into neighboring vacanc

The probability of the appearance of such a configurat
when l atoms of hydrogen (0< l<6) are adjacent to the
vacancy given that there arem such atoms (0<m<2) in two
interstitial positions neighboring to sulfur is

Vm,l5

2!

m! ~22m!!
•

4!

~ l 2m!! @42~ l 2m!#!

6!

l ! ~62 l !!

. ~6!

Then, probability of transition of sulfur atom into neigh
boring vacancy per unit of time under hydrogen influen
can be written as

FIG. 7. Ni-~S-H! system.
vH5
1

t0
(
l 50

6

(
m50

2

expS 2DVS1mq

kT D
2!

m! ~22m!!
•

4!

~ l 2m!! @42~ l 2m!#!

6!

l ! ~62 l !!

, ~7!
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where t0
21 is a constant having the order of magnitude

average vibration frequency of the lattice;1013s21; DVS is
the activation energy of sulfur diffusivity in nickel in th
absence of hydrogen;q is the difference of interaction ene
gies between hydrogen and sulfur at the distancesa/2 and
a&/4; k is the Boltzmann constant;T is the temperature o
the system. Value ofa is considered to be equal to the lattic
parameter of pure nickel neglecting lattice deformat
caused by inserted atoms of sulfur and hydrogen.

These equations for probabilities were written down in
Fe-C system11 and used with some argumentation in t
present paper to show its applicability for our case.

To determine the equilibrium concentration of vacanc
in the Ni-S-H system, let us consider regular substitut
solution of sulfur in nickel with hydrogen inserted in inte
stitial positions. LetNS, NNi , and NH be the numbers o
atoms of sulfur, nickel, and hydrogen, respectively. At te
peratures above absolute zero there are always vacancie
crystal. These vacancies can be surrounded with diffe
numbers of neighboring atoms of sulfur, nickel, and hyd
gen. Let there bel (0< l<6) the nearest to vacancy atoms
hydrogen located in interstitial positions in the center of
Let NV

l be the number of vacancies surrounded withl atoms
of hydrogen.

Now, we shall try to write down, in approximation of th
nearest neighbors, the equation for energy of solutionE of
sulfur and hydrogen in nickel having the vacancies s
rounded with the different numbers of nickel, sulfur, a
hydrogen atoms.

Let CNi , CH , and CS be the relative concentrations o
atoms of nickel, hydrogen, and sulfur, respectively. We
sume atoms of nickel and sulfur to be located only in
lattice positions while hydrogen only in interstitial ones
CNi1CS51 andCH5NH /(NNi1NS) if the number of lattice
positions is approximately equal to the number of intersti
positions. If ENi(CNi ,CH) is the energy of interaction be
tween a nickel atom and all the nearest atoms, one can w
down an equation forENi(CNi ,CH) taking into account tha
in each of the 12 nearest-lattice sites an atom of nickel
occur with the a priori probabilityCNi or an atom of sulfur
with a priori probabilityCS, and in every interstitial position
an atom of hydrogen can occur with a priori probabilityCH .
f

r
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-

-
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Thus,

ENi~CNi,CH!512~CNiFNi2Ni1CSFNi2S!16CHFNi2H ,
~8!

and similar to that forES(CS,CH), the interaction energy o
a sulfur atom with all its nearest neighbors

ES~CS,CH!512~CSFS2S1CNiFNi2S!16CHFS2H , ~9!

whereFNi-Ni ,FNi-S ,FNi-H ,FS-S,FS-H are potential energies
of binding between corresponding atoms. Then, ifEV is the
difference of potential energy when removing either a nic
atom from lattice position, which could be located there w
a priori probability CNi , or a sulfur atom, which could be
located there witha priori probability CS, one can write:

EV52h@CNiENi~CNi,CH!1CSES~CS,CH!#, ~10!

whereh is a constant value indicating that not the all bin
ings are broken while a vacancy is forming but appro
mately half of that and thereforeh'0.5. Minus in this equa-
tion shows that according to its physical senseEV.0 while
the potential energies of binding have negative values.

Equation forE, the energy of solution of hydrogen an
sulfur in nickel in the presence of vacancies surrounded w
different numbers of nickel, sulfur, hydrogen atoms and
the approximation of the nearest neighbors, can be writte
follows:

E5E01EV(
l 50

6

NV
l 5E02@6~CNi

2 FNi2Ni12CNiCSFNi2S

1CS
2FS2S!13~CHCNiFH2Ni1CSCHFS2H!#•(

l 50

6

NV
l ,

~11!

whereE0-energy of solution without vacancies.
Then, one can be easily convinced thatW different ar-

rangements ofNNi nickel atoms,NS sulfur atoms,NV
l , va-

cancies in the lattice positions andNH hydrogen atoms in the
interstitial positions for the allNV

l , assuming number of lat
tice positions to be equal to that of interstitial positions, c
be written down as
ncies
W5

S NNi1NS1(
l 50

6

NV
l D !

NNi!NS!)
l 50

6

NV
l !

S NNi1NS25(
l 50

6

NV
l D !)

l 50

6 F 6!

l ! ~62 l !! G
Nv

l

S NH2(
l 50

6

lNV
l D ! S NNi1NS25(

l 50

6

NV
l 2NH1(

l 50

6

lNV
l D !

. ~12!

Free energy of solution is

C5E2kT• ln W. ~13!

Taking equations forE andW, one can find the energy of our system. To obtain the equilibrium concentration of vaca
in the lattice positions surrounded withl hydrogen atoms, we can use the condition of equilibrium

]C

]NV
l 50, ~14!

for all l.
Using Stirling’s formula for largeN (ln N!5N ln N2N) and having carried out differentiation we have
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26~CNi
2FNi2Ni12CNiCSFNi2S1CS

2FS2S!13~CHCNiFH2Ni1CHCSFH2S!

5kT lnF ~NNi1NS1(
l 50

6

NV
l !~NNi1NS25(

l 50

6

NV
l !25

6!

l ! ~62 l !!

NV
l ~NH2(

l 50

6

lNV
l !2 l~NNi1Ns25(

l 50

6

NV
l 2NH1(

l 50

6

lNV
l ! l 25G . ~15!
n
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Taking into account that number of vacancies is small a
performing the summation for alll, the equation for equilib-
rium concentration of vacancies in the Ni-S-H system
written down as

CV
H5

1

~12CH!
expF3~CHCNiFH2Ni1CHCSFH2S!

kT G
3expF6~CNi

2FNi2Ni12CNiCSFNi2S1CS
2FS2S!

kT G .
~16!

Finally, substituting forCV
H and vH in Eq. ~5! for DS

H

gives

DS
H5 f

a2

4t0
•CV

H
• expS 2

DVS

kT D H 11CHFexpS q

kTD21G J 2

.

~17!

Accordingly, the change of sulfur diffusivity in nicke
when inserting hydrogen in metal is

DS
H

DS
5expF3~CHCNiFH2Ni1CHCSFH2S!

kT G
3

1

~12CH! H 11CHFexpS q

kTD21G J 2

. ~18!

As a first approximation, let us determineq as a work for
transition of sulfur atom charged22e in the field of hydro-
gen atom charged1e, from the point located at the distanc
a/2 to a point at the distancea&/4 in relation to hydrogen
adjusted to vacancy. An atom of sulfur in nickel lattice
assumed to be charged negatively while hydrogen positiv

FIG. 8. Temperature dependence of the change of sulfur d
sivity in nickel caused by hydrogen in the bulk;d is the experi-
mental data; solid lines are the theoretical curves calculated at
ferent hydrogen concentrations:CH50.1, 0.2, 0.15 ppm, andq
51.3 eV, FNi–H520.057 eV,FS–H520.35 eV,Cs515 ppm.
d

s

y.

q5
4e2

a F 2

&
expS 2

aA2

4r D 2expS 2
a

2r D G51.3 eV,

~19!

wherer54.831029 cm is the radius of screening in nicke
a53.531028 cm is the lattice parameter of nickel.

When using such an approach for estimation of theq
value, it is assumed that within the term of sulfur atom tra
sition from the lattice site into vacancy, hydrogen does
change its position. Moreover, we have used the value
nickel lattice parameter atT5300 K neglecting both its tem
perature dependence and deformation caused by sulfur
hydrogen atoms. These points should introduce some in
rectness in the estimate.

Experimental results together with the theoretical curv
calculated at different hydrogen concentrationsCH and CS
51.531025, q51.3 eV, FNi–H520.057 eV, FS–H5
20.35 eV are shown in Fig. 8.

The theoretical curves describing the change of sulfur
fusivity in nickel in dependence of hydrogen concentrati
in specimen and calculated for the same values ofq,
FNi–H ,FS–H are represented in Fig. 9.

Figure 8 shows a good agreement between theory
experimental data obtained in the temperature range 9
1123 K. But atT5300 K theoretical change of sulfur diffu
sivity in nickel at minor bulk concentration of hydrogen is a
absurdly large value, which is in contradiction with literatu
data. There is a well-known technique12 of charging steel
samples with hydrogen at 473 K to stimulate its brittlene
which is necessary to have for investigation of grain bou
ary impurity segregation. After such a procedure, the auth
did not observe redistribution of impurities between bulk
grains and its boundaries.

-

if-
FIG. 9. Theoretical curves indicating the change of sulfur dif

sivity in nickel as a function of hydrogen concentration in the bu
calculated for different temperatures andq51.3 eV, FNi–H5
20.057 eV,FS–H520.35 eV,CS51.531025.



o
e
us
th
us
b
t
ob

n
io

ty
s

gen

u-
rst
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Therefore, we intuitively assume value ofq to be de-
creased with the temperature decreasing. Moreover, at s
values ofq and T sulfur diffusivity in nickel can decreas
with the hydrogen bulk concentration increasing, beca
equilibrium concentration of vacancies decreases with
increase of hydrogen bulk concentration in solution. Th
the model suggested in present work, more likely, can
applied only in the investigated range of temperatures bu
useful for qualitative understanding of the phenomenon
served.

It is interesting to note that all the argumentation me
tioned above can be applied to the change of self-diffus
.

a-

e

me

e
e
,
e
is
-

-
n

coefficient of nickel having sulfur as substitution impuri
with concentrationCS and hydrogen in interstitial position
with the concentrationCH . The only difference isq value,
which has to define interaction between nickel and hydro
in this case.

ACKNOWLEDGMENTS

The authors would like to thank Professors A. A. Kurdj
mov, I. N. Beckman, A. Ya. Tontegode, and G. R. Longhu
for helpful discussions relating to this work.
.

n

ci.,
1J. Szymerska and M. Lipski, J. Catal.41, 197 ~1976!.
2J. Szymerska and M. Lipski, J. Catal.47, 144 ~1977!.
3M. Yamawaki, T. Namba, T. Kiyoshi, T. Yoneoka, and M

Kanno, J. Nucl. Mater.133&134, 292 ~1985!.
4V. V. Zashkvara, V. S. Redkin, V. E. Masyagin, and M. G. M

ratkanova, Izv. Acad. Sci. Kaz. SSR, Ser. Phys-math.6, 89
~1979!.

5A. Larere, M. Guttmann, P. Dumoulin, and C. Roques-Carm
Acta Metall.30, 685 ~1982!.

6R. B. McLellan and W. A. Oates, Acta Metall.21, 181 ~1973!.
7D. McLean, Grain Boundaries in Metals~Oxford University
s,

Press, London, 1957!.
8J. Crank,The Mathematics of Diffusion~Oxford University Press,

London, 1975!.
9A. B. Vladimirov, V. N. Kaigorodov, S. M. Klotzman, and I. S

Trakhtenberg, Fiz. Met. Metalloved.39, 319 ~1975!.
10S. J. Wang and J. J. Grabke, Z. Metallkd.61, 597 ~1970!.
11M. A. Krivoglaz and A. A. Smirnov,Problems of Metal Physics

and Metallography~Metal Physics Laboratory of the Ukrania
Academy of Science, 1954!, Vol. 5, pp. 128–137.

12A. Elkholy, J. Galland, P. Azou, and P. Bastiev, C. R. Acad. S
Paris284C,363 ~1977!.


