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method with controlled forced convection using a cylindrical rotating . ^

S d u t d S =509°0̂ (10 is compatible with the existing data at lower temperatures.

1. INTRODUCTION

The diffusion of the dissolved metallic
species in a liquid metal towards the boundary
laver is one of the elementary steps of the
overall mass transfer process induced by a
thermal gradient. In particular, in the case of the
mass transfer of martensitic Fe-Cr steels in the
presence of Pb 17Li liquid eutectic, previous
studies [1] have shown that this phenomenon is
very probably the limiting step of the mass
transfer process. . _

The determination of the diffusion rlux
requires the knowledge of the Fe and Cr
diffusion coefficients in Pbl7Li. Consequently,
we have determined these later ones at 500 C
and results are reported and discussed below.

2. EXPERIMENTAL

2.1 - Experimental method
Among the different existing

experimental methods to determine a diffusion
coefficient in a liquid metal [2], we have chosen
a method with controlled forced convection
because this method is well adapted when the
mass transfer is controlled by the diffusion of the
dissolved species in the boundary laminar layer.
The diffusion coefficient is then determined
from the loss of weight and the velocity of a
rotating solid.

The first Fick law is expressed by :
J = D(S-C)/e (1)

with :
J : diffusion flux
D : diffusion coefficient in the liquid

S : solubility of the dissolved species in the
liquid . . ,

C : concentration of the dissolved species in the

e • thickness of the diffusion boundary layer.
As the periods of time are sufficiently

short to give a concentration C negligible
compared to S, the expression becomes :

J = D (S/e) (-)
The mathematical expression for the

laminar sublayer thickness depends on the
rotating solid shape. In the case of a cylinder, r
can be expressed by the following empirical
expression [3] :

e = 5.67 d-0-4 V°-w D0-356 f"a7 (3)
with :
d : specimen diameter
v : kinematic viscosity
D : diffusion coefficient
f : specimen rotational speed.

As in our experiments it is possible to
neglect the mass transfer from the cylinder base
[4]7 the dissolution flux is given by the following
equation :

' J = 0.176 dO-̂ irO-344 D0.644 f0.7S (4)

22 - Apparatus
The apparatus is represented in figure L
A molybdenum crucible of 5 cm diameter

containing 3.6 kg of Pb 17Li is placed in an
airtight container provided with a magnetic
device, allowing the cylindrical specimen to
rotate. Two different heating resistances give
rise to a thermal gradient between a hot and
cold isothermal zone respectively at the top and
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bottom of the crucible. The cold zone is not
essential but allows the concentration of
dissolved species to be decreased to their
solubility at the cold zone temperature.
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Fig. 1 : Experimental apparatus

2 J - Materials
The studied material are :

. iron with impurities less than 0.01 %,

. chromium with impurities less than 0.5 %,

. martensitic 1.4914 steel (86Fe, 10.6Cr wt%).
The eutectic Pb 17Li was provided by "Métaux
Spéciaux".

The specimens are cylindrical (1 cm dia-
meter, 3 cm height, cylindrical area of 9.4 cm-)
with a surface state 'corresponding to a mean
roughness of about 1 jum.

2.4 - Operating conditions
The temperatures of the hot and cold

isothermal zones are respectively 5000C and
440°C. The rotational speeds of the specimens
are between 200 and 1000 revolutions per
minute inducing a turbulent flow of Pbl7Li.

All the operating conditions are summed
up in table I.

3. RESLXTS AND DISCUSSION

3.1 - Results
After testing, the specimens appear to be

uncompletely wetted. So from the weight loss of
the specimen measured after the "complete
elimination of the Pb 17Li at the specimen

Table I - Operating conditions and weight loss
of the rotating specimens

Mate-

rial

1.4914
1
2
3
4
5

Fe

Cr
1
2
3
4
5

Rotational

speed

'rev.min'l)

200
200
200

1000
1000

1000

200
200
500
500

1000

Duration

(h)

69
95

103
77

143

143

7
26
4
6
6

Weight

loss

(mg)

2.5
2

2.1
7.4

15.1

15.8

3.4
9.7
22
3.4

15.3

Wetted
fraction
of the

surface
(%)

64
23
23
56
51

50

50
43
26
30
25

Corrected

weight
loss
(mg)

3.9
8.7
9.1

13.2
29.6

31.6

6.8
22.6
8i

113
612

(*) Weight loss corrected with the wetted fraction
of the surface

surface, a low value of the dissolution flax can be
obtained by considering the total surface of the
specimen (uncorrected value of table II).
Consequently, a corrected value has been
calculated by taking into account only the wetted
fraction of the specimen surface [5] because th-
unwetted zones are large and not numerous
(corrected value of table II). This later value is
even too low because the time to initiate the
wetting is not known but it is certainly close to
the true value.

Table II - Dissolution flux of 1.4914 steel
and chromium

Material

1.4914

Cr

Rotational
speed

(rev.min'1)

200
1000

200
500

1000

Hux (/ig.m2^-1)
Jncorrected Corrected

value value

7
30

100
175
750

25

60

200
350

3000

3.2 - Discussion
3.2.1 - Influence of time

Figures 2 and 3 show that the kinetics of
1.4914 s*teel and chromium dissolution obtained
from the corrected and uncorrected weisht



losses are linear in the rotational speed range
studied. It agrees with the assumption that the C
concentration of dissolved species in the liquid is
low compared to the solubility. The values reveal
a much more important dissolution flux for
chromium than for 1.4914 steel.

Weight loss (mg)

60 80 100
Time (hour)

120 140 160

uncor. 200rev/mn

uncor. 1000rev/mn

corrected 200rev/mn

corrected 1000rev/mn

Fig. 2 : Dissolution kinetics of a 1.4914 steel
specimen rotating in PbITLi at 5000C
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Fig. 3 : Dissolution kinetics of a chromium specimen
rotating in PbITLi at 5000C

3.2.2 - Determination of the diffusion
coefficients

According to the equation (4), if the curve
representing the dissolution flux values as a
function of the rotational speed at 0.7 power is a
straight line, the slope allows the diffusion
coefficient to be determined when v and S are
known.

3.2.2.1 - Determination of the iron difjiision
coefficient

From table I. we can see that the weight
losses obtained at 1000 revolutions per min over
a U3 hour-duration with 1.4914 steel and pure
iron are similar. It indicates that the corrosion of

1.4914 steel seems to be controlled by the iron
diffusion in the liquid metal. Consequently, the
iron diffusion coefficient can be deduced from
data for 1.4914 steel.

In the case of 1.4914 steel the equation
(4) is valuable because the dissolved iron
quantity (less than 30 mg) is small compared to
the solubility limit of iron in our experimental
conditions (170 mg) [6] and the curve effectively
is linear (Fig. 4). The slope obtained from the
corrected value of the dissolution flux is
9.10"6 g.r&s1. By assuming that the 1.4914 steel
dissolution is controlled by the iron diffusion in
Pbl71i it can be deduced :

D(Fe/Pbl7Li)5oo0C = 6-l°"14 m2.s*l
with :
S(Fe)500oC = 427 g.m"3 [6]
v(Pb 17Li)500O0 = 1.25 10-7 m2.s-l [jj.

\

Dissolution flux (ug.m-2.s-1)

2 4 6
(rotational speed (rev/s))0.7

uncor.flux " corrected flux

Fig. 4 : Dissolution flux of a 1.4914 steel
as a function of the rotational speed

of the specimen at 0.7 power

This diffusion coefficient value agrees
with that deduced from the expression of the
corrosion rate of martensitic steels in flowing
Pb 17Li given by Sannier et al. [1] and equal to
4.10"14 mAs"1. Nevertheless, it is notably lower
than that corresponding to the diffusion
coefficient of iron in lead [8] which cannot at
present be explained. We do however wonder if
the diffusing species in Pbl7Li is really a lone
iron atom which is not uncompatible with the
corrosion data.

3.3.2.2 - Determination of the chromium diffusion
coefficient

As far as chromium is concerned, figure 5
shows that the point corresponding to 1000
rev.min-1 is not lined up with the other ones and
has not been taken into account. In any case for
thij. point, the dissolved chromium quantity
(15 mg) is not negligible compared to thé
chromium solubility In PbITLi extrapolated
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(32 ms) so much so that the assumption of
equation (2) is not satisfied. 4 0 -
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Fia. 5 : Dissolution flux of chromium as a function
of the rotational speed of the specimen at 0.7 power

The slope obtained from the corrected flux
is 130.10"6 g.nAs-1. But as S at 5000C is not
known, we can only determine :

SDO-644 =2.10-5 (USI) (5)

So, in order to calculate S, long duration
tests with chromium specimens rotating at
500 rev.min-1 have been carried out. Results are
summed up in table III and the weight loss
curves as a function of time are presented on
figure 6.

Table HI - Weight loss of chromium specimens rotating
at 500 rev.min'l

Tes!

3
4
5
6

Rotational

speed

(rev.miifl)

500
500
500
500

Duration

(h)

4
6

24
48

Weieht

loss

(mg)

22.
3.4

1S.6
21.3

Wetted
fraction
of the

surface
(%)

26
30
100
60

Corrected
(*)

weight
loss
(mg)

8.5
113

1S.66
363

C) Weight loss corrected with the wetted fraction
of the surface

By simulation, we have determined the
S and D values which allow the best fit to the
weight loss kinetics of the chromium specimen to
be obtained, considering that the diffusion in the
liquid metal is the limiting step.
From the Fick law :

J = (S-C) D/e = (V/A) (dC/dt) (6)
wi:h :
V: PbITLi volume
A : surface area of the rotating specimen.

"O 5 IO 15 20 25 30 35 40 ^5 S.

Time (hour)

. uncor. value o corrected value

— simulation

Fig. 6 : Dissolution kinetics of a chromium specimen
rotating at 500 rev.min"1 in Pbl7Li at 500°C

The solution of this differential equation is :
C(t) = S.[l-exp(-DA e-1 V-l.t)] (7)

and M(t) = V C(t) (8)
with :
M(t) : weight loss of the specimen at t time
The best fit is obtained with :

S = 90.9 e.nr3 (10 wppm)
D = S.lO-^mV1.

This S value is well in accordance with the
Barker values [6] obtained between 260°C and
460°C.

With this S value, we obtained from
equation (5), the following D value :

D(Cr/Pb 17Li)500=C = 4.10"11 m2.s-l.
It agrees well with that obtained by the

best fit curve. Moreover, it is not far from the
diffusion coefficients of the other metals like Co.
Ni, Fe in lead [8].

4. CONCLUSION

In this study we have adapted a method
with controlled forced convection using a
cylindrical rotating specimen to determine
diffusion coefficients of dissolved species in a
liquid metal. This method is valuable as far as
the limiting step of the specimen dissolution is
the diffusion in the liquid metal.

Iron and chromium diffusion coefficients in
Pb 17Li liquid metal at 5000C have been
estimated :

D(Fe/Pbl7Li)500.c = 6.10-14rn2.s-l,
D(Cr/Pb 17Li)500=c = 4.10"11 m .̂s-V

The diffusion coefficient of chromium is
notably higher than the iron one. It was not
expected considering the similitude of the
chromium and iron physical properties but it is
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not uncompatible with the corrosion data of
steels in Pb 17Li.

This study will be carried on with the
déterminations of the iron chromium and nickel
diffusion coefficients in Pb 17Li as a function of
temperature.

REFERENCES

1. J. Sannier, T. Rament, A. Terlain, Fusion
Technology, eds BE Keenetal, North
Holland, (1991) p. 901

2. P. Kubicek, T. Peprica, International Metals
Review 28 (1983) 131

3. M. Eisenberg, C. Tobias, CR. Nilke,
J. Electrochem. Soc, 101 (1954) 306

4. N. Simon, Thesis (June 1992), to be
published

5. V.Y. Filinocsky, Electrochemica Acta 25
(1980) 309

6. M.G. Barker and T. Sample, Fusion Ena.
Design, 14(1991)219

7. M. Kuchle, Material Data Base for NET Test
Blanket Design Studies, Kerforschunss-
zentrum Karlsruhe (Feb. 1990)

8. N.M. Roberston, Trans. Met. Soc. AIME 242
(10)(1968) 2139

Acknowledgements

The authors wish to thank CEA authorities
for giving the possibility of conducting this
research and publishing the results. They are
also grateful to J. Sannier for the fruitful
discussions and advices.


