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-

In order to obktain basic design data for the purification
system in a fusion reactor fuel circulation system, permeation
characteristics of a commercial palladium-silver alloy
membrane for H2 and D2 were measured under comparatively high
pressure (120- 1300kPa) and temperature (6533-853K).

Permeabilities for H2 and D2 respectively obeyed the Sieverts
law, i.e., the permeation flow rates were proportional to
square root pressure of hydrogen. The relaticn was reflected
in the Arrhenius formula. Pressure dependence was observed
on the diffusion coefficients for H2 and D2. The permeation
coefficient ratioc was within the range of 1.54 - 1.68. The

diffusion coefficient ratio was smaller than that of perme-

ability ratio for these isotopes.

Keywords; fusion Fuel (Cycle, Tritium, Hydrogen Isotope, Fuel
purification Process, Palladium Alloy Membrane,
Permeability, Diffusivity, Solubility, Isotope Effect
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1. Introduction

Purification techniques of hydrogen gases are necessary
for a pretreating process of hydrogen isotope separation such
as cryogenic distillation and thermal diffusion in a fusion
reactor fuel circulation and blanket gas circulation systems
[1-5]. Permselective membrane method using palladium-silver
alloy is considered to be a useful purification technique
because of its very high permeability and reliability for
hydrogen at high pressure and temperature [1,3].

A lot of works have been performed on the hydrogen permea-

tion through palladium and its alloys [6-13], and a several
permeation data of tritium have been reported [12].

The large permeability of hydrogen in the palladium is possibly
attributed to the high solubility and the diffusivity of hvdrogen
isotopes in thermetal systems [8]. As the permeation mechanism
, it has been widely accepted Lewis’s theory [13] which explains
by the following mechanism; (1) dissociation of hydrogen
molecules to the hydrogen atoms, . (2) adscrption of the hydrogen
atoms on the palladium-silver front surface, (3) diffusion
through bulk metal, (4) reemergence of hydrogen from solution,
(5) recombination and desorption of the molecules from
palladium-silver back surface. When there were no poisoning
materials such as oxide layer on the metal surface, diffusion
through the bulk metal has been confirmed to be the rate-
controlling step [14].

Most of the literature data had been obtained using

entirely an ideal membrane prepared especially for the permeation
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study. Besides, there are only a few limited measurements
[8,10] on hydrogen permeation through palladium-silver alloy
at high pressure above 100kPa and elevated temperature above
653K. Tube type permeation membrane should be designed as a
compact and practical purification device in a fusibn reactor
circulation systems.
This paper represents permeabilities, diffusion coeffi-

cients and isotope effects for hydrogen and deuterium, respec-
tively, through Pd-25wt%Ag alloy tube at the following experi-
mental conditions; driving pressure, 120 - 1300kPa, back

pressure, 0 - 100kPa and temperature range, 6533 - 853K.
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2. Experimentals

2.1 Apparatus
A conceptual flow sheet of the experimental apparatus,
which is composed of permeation cell using commercial Pd-25wt%
Ag alloy tube, is shown in Fig.l. Feed gas HZ or D2 filowing
into the permeation cell is preheated before it reaches to the
outer surface of the permeaticn tube that is made of the
palladium-silver allov. Feed pressure is regulated by control
valve CV-1 and measured by Bourdon tube pressure gauge PG-1/{
measuring range; 0 - 2000kPa, precision; 0.1% of full scale).
Feed flow rate is measured by mass flow meter FIR-1{measuring
range; 0 - IOOStdecmBmHE/min, precision; 1% cf full scale).
Permeated and unpermeated gas leaving the cell are cooled
to room temperature by cooling coils HX-1,2 and their pressures
and flow rates are measured by the Bourdon tube pressure gauges
$G-2,3{(0 -~ 1000kPa, 0.1%F.S.) and mass flow meters FIR~2,3,
respectively. Control valves CV-2,3 are used to regulate the
pressure. In the experiment, unpermeated gas flow line from
HX-2 to stop valve SV-5 is only used for activation of the
surfaces of the permeation tube.
Twe parts of the apparatus are left out from the figure;
a nitrogen feed 1iﬁe to keep the pressure of permeated gas
flow line ai atmospheric pressure after evacuating the appara-
tus, and a vacuum pump to evacﬁate down to 1 x 10"3 Torr for
cleanup and outgassing of the whole experimental system.
In the design of the apparatus, several precausions were

taken to prevent some troubles caused by the contact of the
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palladium-silver alloy tube with air, lubricants and other
poisoning materials. Swage locks and brazing connections were
used to joint all parts of the apparatus to keep the leak rate
lower than 1 x lD*Gatm.cm3~He/sec. Cupper tube(4.35mm inner
diameter) was used as the piping material for the convenience

of brazing. Valves with bellow and metal seals were employed.
Pipings, valves and instruments, which contact with hydrogen

gas were washed by velatile organic solvent such as ethyl alcohel
to avoid contamination of the permeation cell,.

Fig.2 shows some details of the permeation cell and a
temperature distribution around the cell heated to 420°C by
electric resistance heater, The cell is constructed by an
outer shell (16mm outer diameter, 12mm inner diameter, 370mm
long, SUS31l6), an inner shell (6mm outer diameter, 4mm inner
diameter, 314mm long, SUS316), palladium-silver alloy tube
(1.6mm outer diameter, 8 X 10—3cm thickness, 96.7mm effective
length) and others. The one end of the permeation tube i
sealded, and the other end is brazed on nickel tube(2.03mm
outer diameter, 103mm long), as indicated in the figure. Feed
gas, flowing along the annular space between the outer and the
inner shell, enters to the outer surface of permeation tube.

The palladium~silver alloy tube was manufactured by Japan
Pure Hydrogen Company,Ltd.. The nominal content of silver in
the alloy is 25wt%. The purity of gases used in the experiment
was ordinary commercial grade; hydrogen, 99.96% up, deuterium,

99.8% up, and nitrogen,99.99% up, respectively.
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(1) Calibration of temperature and flow rate

Six sets of chromel-alumel thermocouples for measuring the
temperature are welded at each interval of 2c¢m on the outer
surface of the permeation celil. A similar thermocouple for the
control of the heater is positionned in the middle of the
electric resistance heater. The permeation temperature is
calculated by averaging the outputs of six thermocouples.
Temperature distribution 1is observed along the longitudinal
direction of the permeation cell, as shown in the Fig.2.
Consequently, the calculated permeation temperature have an
uncertainty of about 30°C considering an accuracy within LVEYe
of the heater controller.

Calibration of the mass flow meters for H2 and D2 gases
at normal pressure and temperature was carried ocut using a
standard soap bubble flow meter. Fig.3, a result of the
calibraticn, shows that linearity of the readings output of
the mass flow meter FIR-2 is obtained within whole measuring
range and a value 0.9285 as the correction factor of the
readings can be used for both gases. Besides, it is well known
that the sensitivity of the meter varies with the change of
gas pressure flowing through the transducer. To exclude the
pressure dependencé on the mass flow meter FIR-2 at the initia-

tion of the permeation experiment, the permeated gas flow line
is filled with nitrogen gas at akout 100kPa. Here, the sensitivity

for nitrogen is almost equal to that for hydrogen.
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(2) Activation of palladium-silver alloy tube

Permeation characteristics of hydrogen isotopes through
palladium and its alloys are considered to be affected by
conditions of the metal surface [14]. 1In the experiment,
following activation treatment was successfully carried out to
exclude poisoning materials on the surface éf the permeaticn
tube; baking of the tube by air purge at about 700K followed
by evacuating down to 1 x 10“3Torr, and reducting by H2 or D2
gas at permeation temperatures for long period until permeat-
jon comes to a steady flow rate at each condition. If some
decrease of permeability is observed during experiment, above
activation is repeated. In addition, while the measurements. are
rested, the apparatus is filled with H2 or D2 at a permeation

temperature.
2.2 Procedures

Several methods have been reported to study the permeation
of hydrogen [12]}. 1In this work, permeation time lag method [g8-11]
has been employed to measure both permeability and diffusion
coefficient. Measurements could be‘successfully carried out with
the present apparatus. Care is taken to evacuate the residual
gases in the permeation cell.

Fig.4 shows a typical recording of feed and permeated
flow rate of hydrogen against time. The delay time, T = t¢ — to,
are defined by the time elapsed until the first hydrogen

appears at the low-pressure side of the permeation tube.
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The initial time t, is determined by the increase of the feed
flow rate, and tT is evaluated from the extraporated time, as
indicated in the figure. The 1 is calculated by averaging the
results of three runs carried out under the same conditions.
Steady state permeation flow rates are obtained by the
recordings of constant values against time, because the constant
pressure difference cof hydrogen gas“is maintained from high

to low pressure side in the permeation tube.
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3. Results and discussions

Diffusion through the bulk metal can be assumed to be
the rate-controlling step for the permeation of hydrogen
isotopes. Following discussion is carried out by using Fick's
theory of diffusion by the assumption that diffusion coeffi-
cient is independent of the concentration of hydrogen dissolved
in the palladium-silver alloy [7].

Fig.5 shows the steady state permeation fluxes JH and
JD (mol/cmz.min) for H2 and D2 at each constant temperature
against the difference of the hydrogen pressures. Here, PH and
PL are the driving pressure and back pressure in the permea-

tion cell, respectively. The fluxes are calculated by effective

area A of the permeaticn tube.

where ry and r, are the inner and outer radius, respectively and

Q,is the effective length.
Assuming that the permeation occurs only perpendicular

direction to the surface of permeation tube, and that a linear
concentration gradient is formed in the metal, the flux J (

mol/cmz.sec) can be expressed by Fick’s first law;

dc
dr

j=-0

where D (cmz/sec) is diffusion ceocefficient, C (mol/cm3) is

hydrogen concentration and r (cm) is the coordinate chosen
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perpendicular to the reference surface. Integration of
equation(2) for cylindrical geometry with the concentration

independent D gives;

where Cl and C. are the concentrations equilibrated with

2
hydrogen pressures PH and PL at the both sides of the permea-

tion tube. Egquation{3) indicates the permeation flux can be
evaluated by the product of the diffusion cecefficient D and the

solubility gradient (C]— CZ)/(rlmr |

2
Now, Sieverts law .i.e., the square-root relationship
between solubilityv and pressure, has been given for hydrogen-

metal system in the low hvdrogen pressure range. By using

this relation, a practical evaluation function related to

operating conditions is derived as;

=
il

6023

Ep A L L J
K exp| 7.¢( ). ( VP, - VP )

where W (mol/min) is the permeation flow rate of the permeation
cell, K (mol.cm/cmz,min.Jgﬁg) is the Sieverts constant, Ep(
cal/mol) is the activation energy for permeation, R (cal/mol.K)
is the gas constant, T (K} is the temperature and 4 (cm) is

the thickness of the permeation tube. The equation means the

permeation flow rate is inversely proportional to the thickness
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A, and proportional to the square-root pressure difference
{ Jﬁ;'— /52‘). Temperature dependence is represented by
Arrhenius formula. In the eguation(3) and (4}, activation
energy term includes the energy for both solubility and
diffusion coefficient of hydrogen isotopes.

Rewriting the equation(4), permeability Q (mol.cm/cmz.min.

vkPa) is represented by;

Fig.6 shows the pressure dependence of the permeation
fluxes for H2 and D2. Most of the data at each temperature lie
on straight lines which should intersect the origin. This
result indicates square-root pressure dependence for the
permeation of hydrogen isotopes. The dependence can be
adopted at relatively high pressure. Fig.7 shows a typical
plot of the fluxes at constant pressure differences against
reciprocal temperature, The observed systematic temper-

ature dependence indicates that an approximation of the
Arrhenius’s relation could be effective within this experim¢n~
tal conditions. Solid and dotted lines in the figure represent
a tendency of permeation fluxes to the reciprocal temperature,
1/T.
Fig.8 shows the Arrhenius plot of QH and QD against 1000/7T

for H, and D.. Here, plotted values at each temperature are

2 2
calculated by averaging the data obtained in the pressure

range of 120 - 1300kPa. Following experimental eguations for
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the permeabilities, expressed by two lines in the figure, are

determined by least-squares method.

-7 1370 :
QH = 7.31 x 10 expl- | O —— (6)
RT
9 1470
Qp = 4.78 x 10 expl- 1 e (7)
RT

where QH and QD are the permeabilities for H2 and D2, respectively.
The activation energy of the permeability for H2 is smaller

than that for D2. In order to evaluate the isotope effect on
the permeability, the ratio QH/QD is plotted. & straight line

calculated by equationi{6) and (7} are shown in Fig.9%. Here,

the gtraight line is given by:;

QH 100
= 1.53 expl

QD RT

(8)

The values obtained at 833K and 853K are little scattered

from the straight line. This is considered to be resulted
mainly by the uncertainties of temperature distribution

in the permeation tube. The values decrease from 1.68 to 1.54
with the increase of the temperature from 653K to 853K. In the
figqure, the data from earlier investigators are simultaneously
shown to compare with our results. The value of Tanaka [15]
was obtained by a thin disk of palladium at very low driving
pressure. The experimentél condition of the data by Ackerman
[10] are; permeation membrane, Pd-25wt%Ag tube, driving

pressure, 600 - 2200kPa, back pressure, 120 - 700kPa.
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Considering the differences of experimental conditions, it can
be concluded that the earlier data well agree with our results.
Now, note that in the permeability ratio, mass effect is
larger than that of classical theoretical value of diffusion
coefficient ratio /2 .

Fig.10 shows pressure dependence of diffusion coefficients
DH and DD'for H2 and D2 at con tant temperatures. In our
experiment, permeation time lag method is used, therefore,
Fick's second law with following initial and boundary

conditions can be successfully adopted under the previous

assumptions.

aC 2 1
R e T (9)
at ar r ar
C =C, = 0, T, < r < r, at t =0
= = = . e 10
C Cl 0, r ry {(10)
at t > 0
C = C2 ' r=rx,

where t is time.

The solution of the above diffusion equation, as given by

Crank 17}, is represented by;

r
2z 2 2 2 2
{r -r.7)y + (r + r. . )in
1 2 1 2 L {11)
D =
r
4 1 2%n 2
T

—12—
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When hydrogen concentration C:L at r = ry is negligibly small
and the other two conditions are valid, this egquation gives
the diffusion coefficient.

A marked increase of the diffusicn coefficients DH and
DD with increasing of the driving pressure PH is observed.
Also, there is a tendency coming to constant value in each
temperature. Because, most of the earlier workes of the
hydrogen permeation had been carried out at low pressure, no
discussion of the pressure effect on the diffusion coefficient
had been reported. Besides, the dissociation and the adsorption
steps of the hydrogen permeation had not been taken into
account in the measurement by the permeation time lag method.
However, in the case of the experiment for very thin membrane
at high pressure, effect on the delay time by these steps can
not be negligible. Moreover, it is considered that the
exothermic heat of scolution may affect the diffusivity. Study
by Hickman indicated that Sieverts law and pressure dependern :e
of the diffusion coefficients for H2 and D2 are held in the range
0. - 0.2 of hydrogen to metal ratio.

Fig. 11, the temperature dependence of the diffusion
coefficient, shows cur experimental results and the earlier

data.  Lines by this work are represented by following experiment-

al eguations, which are obtained from data at 800kPa.

2100

= 2. -3 ' ———————

Dy = 2.82 x 10 “expl «-x5 1 e (12)
- 1672 2160 , S,

By = 2.60 x 10 expl ~—fx—1  -omeeems (13)

—13—
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These results indicate that the Arrhenius formula is
valid in the range of this study.

Fig. 12, the Arrhenius plot of the diffusion coefficient
ratio, shows our experimental result and the earlier data
summerized by Alefeld [12]. Data for Nb. V and Ta which have the
bce structure are shown in order to compare the isotope effect
on the diffusion coefficient with those for Pd having the
fce structure. Although some difference among the published
data obtained for Pd at low hydrogen concentration is observed,
Gol'tsov’s data [19] agree well with our result.

It is noticed that whole data of the ratio, DH/DD’ are
smaller than /2 , which has been given by classical relation-
ship [20,21] Dl/D2 = /ﬁ;?ﬁ;, where D,,D, and m,, m, are the
diffusion coefficients and atomic mass of hydrogen isotopes,
respectively. However, a consistent temperature dependence
has not been obtained for tritium. In constrast to Pd, the
values of DH/DD for the becc metals are /2 at about 673K and
increase with the decrease of the temperature. The similar
temperature dependence is shown for the relation between
hvdrcgen and tritium.

Following relationship can be easily derived from the
equation {3) and Sieverts law, i.e., C = k/Pp ; C (mol/cm3)
is solubility, P (kPa) is the driving pressure and k (mol/cmB.

JkPa) is the Sieverts constant.

where,kH and kD are the Sieverts constant for H2 and D2,

regpectively.

—14—
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The values of kH/kD determined by equation (8), (12}, (13)
and (14) are 1.46 ~ 1.47 in the temperature range of 693-833K.
Calculated values from the solubility data by Hickman are

+4 — 1.5 in the range of 573 =+« 773K. From these results,
it can be concluded that the disagreement of the values
between the permeability ratio and the diffusion coefficient

ratiois caused by the large isotope effect on the solubility

of hydrogen.

4. Conclusicn

Permeation of H2 and D2 through commercial Pd-25wt%Ag
alloy membrane at comparatively high pressure and temperature
ware proved to cbey Sieverts law. Arrhenius formulas were
held for permeability and diffusion coefficient. Perme-
ability ratio was larger than the square root of isotepic

mass ratio, whereas diffusion coefficient ratio ratio was

much smaller than the square root of the isotopic mass ratio.

A large isotope effect on the solubility was also estimated.
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The wvalues of kH/kD determined by equation (8), (12}, {13)
and (14) are 1.46 - 1.47 in the temperature range of 693-833K.
Calculated values from the solubility data by Hickman are

+4 — 1.5 in the range of 573 - 773K. From these results,
it can be concluded that the disagreement of the values
between the permeability ratio and the diffusion coefficient

ratiois caused by the large isotope effect on the solubility

of hydrogen.

4. Conclusion

Permeation of H2 and Dz through commercial Pd-25wt%Ag
alloy membrane at comparatively high pressure and temperature
were proved to cbey Sieverts law. Arrhenius formulas were
held for permeability and diffusion coefficient. Perme-
ability ratio was larger than the sguare root of isotopic
mass ratio, whereas diffusion coefficient ratic ratio was

much smaller than the sqguare root of the isotcpic mass ratio.
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The values of kH/kD determined by equation (8), (12}, (13)
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Calculated values from the solubility data by Hickman are

+4 - 1.5 in the range of 573 - 773K. From these results,
it can be concluded that the disagreement of the values
between the permeability ratio and the diffusion coefficient

ratiois caused by the large isotope effect on the solubility

of hydrogen.

4. Conclusion

Permeation of H2 and Dz through commercial Pd-25wt%Ag
alloy membrane at comparatively high pressure and temperature
waere proved to cobey Sieverts law. Arrhenius formulas were
held for permeability and diffusion coefficient. Perme-
ability ratio was larger than the square root of isotcepic
mass ratio, whereas diffusion coefficient ratio ratio was

much smaller than the square root of the isotepic mass ratio.

A large isotope effect on the solubility was also estimated.

Acknowledgment

The authers are grateful to Dr. Y. OBATA{(Division eof
Thermonuclear Fusion Research, JAERI) for initiating this
study. The authers thank Dr, K. TANAKA(Divisicn of Thermo-
nuclear Fusion Research, JAERI) and Pr. H. KATSUTA({Division
of Wuclear Fuel Research, JAERI) for valuable comments on

experimental results.



JAERI—M 09677

References

[1}
[2]
[3]
[4]

[3]

[7]

(8]
[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

K.Sako et al., JAERI-M7293(1977), (in Japanese).

K.Sako et al., JAERI-M7199(1977),(in Japanese}.
Y¥.Yoshida, K.Tachikawa and Y.Naruse, unpublished report.
R.S.Carlson, "The Uranium-Tritium System - The Storage of
Tritium", CONF-750989,IV-36{1973).

R.W.Webb, “Pérmeation of Hydrogen through Metals", NAA-
SR-10462 (1965) . |

S.Yamauchi and Y.Saito, Nippon Kagaku Kyokai Geppo,23{l],
(1970)1, (in Japanese) . |

J,Crank, Mathematics of Diffusion (Clarendon Press,Oxford,
1975) P.67.

R.G.Hickman, J. Less-Common Metals,19(1969)369.
G.L.Holleck, J.Phys. Chem.,74[3],{(1969}503.

F.J.Ackerman and G.J.Koskian, J. Chem. Eng. Data,l17[l],
{1972)51.

H.Katsuta, R.J.Farraro and B.Mclelland, Acta Metall,. , 27
(1978)1111,

G.Alefeld and J.Vglkel(ed.),Hydrogen in Metals,Vol.l and
Vol.2(Springer-Verlag Berlin Heiderberg New York,1978).
F.A.Lewis (ed.),The Hydrogen System(Academic press, Mew
York, 1967).

R.A.Strehlow and H.C.Savage, Nucl. Technol.,22(1974)127.
S.Tanaka and R.Kiyose, J. Nucl.Sci. Techn.,16[2],(1979)65.
G.Bohmholdt_and E.Wicke, Z. Phys. Chem. N.F.,56(1967)133.
L.Katz, M.CGuinan and R.J.Borg, Phys. Rev.,B4(1971)330.

0.N.Salmon and D.Randall, USAEC Report KAPL-984(1954).



JAERI-M 9677

{19] V.A.Gol'tsov et al., Phys. Metals Metallog.,29(1970)195.
[20] C.Wert and C.Zener, Phys. Rev., 76(1949}1169.

[21] C.H.Vineyerd, Phys. Chem. So0lid,3(1957)121.

- 7=



JAERI-M 9677

PG-2 : FIR-2
—<— Hp
g Permsated gas
—><— Dz HX-1{ Sv-2 {gv-2 Sv-3
—l><lj Heater o[ o I— ——————— « To vacuum pump
o] [+]
o |
] Py-Agq alioy tube
$ovet FIRI PGS E o | e
o o | .
h o | Permeation ¢ell
: o
Q
G [s]
S . o FIR-3
L

O S,

Feed gas cy-

Unpermected gas

FIR : Maoss flow meter HX-2 Sv-4 (Cv-3 Sv-5
PG : Pressure gauge
HX : Cooler

CV : Control valve
SV ! Stop valve

Fig.1 Conceptual flow sheet of experimental apparatus.
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Fig.4 Typical permeation time lag records obtained in this
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permeation temperature; 773K
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Fig.5 Permeation fluxes of H, and D2 at several temperatures

against the pressure differences of the permeation cell.
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Fig.sg Permeation fluxes of H, and D, at several temperatures

against the square root difference of the pressures of

permeaticn cell.
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Fig.7y Temperature dependence of permeation fluxes of H2 and

D, in different pressures.

2
T (K)
200 850 800 750 700 650
Nl [ l [ ! I
x107 5~
1% [, H:!
b ammaa- D1
i 0
3 e Mﬁ\?‘
2p  -Ron_
.--...'D\""---.n__“.‘u
! == e
1 i l i | 1 l 1 [ L f
1.1 1.2 1.3 1.4 1.5 1.6
1000/T (K
Fig.8 Temperature dependence of permeation coefficients

for H, and DZ' driving pressure P.; 100 - 1000kPa, back

pressure; 10lkPa

-—21—



JAERI—M 9677

T (K)
900 850 800 750 700 650
1.8 0 T T I I T
LT ©
)
- - @—-——é 9)
1.6 g . Z Q
S S
~ 15 |- O : This work
o Fa O : Tanaka(ly
A Ackerman (3
][. H L L [ -l l 1 1 i |
1.1 1.2 1.3 1.4 1.5 1.6
1000/T (K')
Fig.g Temperature dependence of permeation coefficient
ratio for H2 and DZ‘ Sclid line corresponds to the

experimental equaticn obtained by this work.

x 108
10
- 823 K
8 r —_— H O/O"_J
6..
o 3
23]
L9
o 4 F
e
L
- i
0o
o 2t
! 1

| 1 ! i
O 200 400 600 800 {000
Py (kPa)
Fig.1q0 Pressure dependence of diffusion coefficients for Hy

and D, obtained by permeation time lag method.

2



10J S3USTOTJIISCD UOTSNIITP O @duapuadsp panzeradua] TT-6143
(14> 1/ 0001
0°¢ 6'T 8’1 T 91 S°'T 't ¢l ¢'l 1 0°T
| | | | | g-01
B (ea%008 3¢ ) _|
a ¥Iom STUF -
= - v
- .. T
- s o
o
. 2
~D
e
i P
—,-01
_ m | |
00s 003 00£ 008 006 0001

(A

L



JAERI—-M 9677

T ( K)
I000 500400 300 250 200
T 1 ki { l T
o—o D,/Dy { This work)
gt —— Du/Dp { Aleld) (12)
T === Du/Dr { Alefeld) (12)
6 -
1 T
i I
a
~
X
Q 2F
o
o Yz
~
X
O
f -
0.8}
0.6}
04 L 1 ! I L
0 { 2 3 4 5
1000/ T ( K"

Fig.l2 Temperature dependence of diffusion coefficient ratio

for hydrogen isotopes in various metals [12].
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