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Tracer diffusion of 54Mn in alloy D9 in presence of sodium
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Abstract

The diffusivity of manganese in vacuum annealed and cold worked alloy D9 in presence of sodium was measured by the
standard tracer technique. The lattice diffusion coefficient of manganese in vacuum annealed alloy D9 specimens in the
temperature range 773–873 K is given by the expression D ¼ ð2:24þ26:45

�2:07 Þ � 10�14 expð�60764� 17403=RT Þ m2 s�1 and that
in cold worked alloy D9 specimens is given by D ¼ ð4:62þ20:77

�3:77 Þ � 10�16 expð�38880� 12006=RT Þ m2 s�1 where R is in
J K�1 mol�1. The activation energy for diffusion in cold worked specimens is less than that in vacuum annealed specimens.
The activation energy for diffusion of manganese in presence of sodium is almost four times less than that in various
austenitic stainless steels reported in the literature.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

The sources of radioactive contamination of the
primary circuit of a Sodium Cooled Fast Reactor
include activated corrosion products from the struc-
tural and clad materials as well as fission products
from defective fuel pins. The major source of con-
tamination in the absence of fuel pin failure is the
activated corrosion products. The levels of contam-
ination due to them on out-of-core components that
require maintenance are correspondingly high. The
important radioactive corrosion products are 51Cr,
54Mn, 59Fe, 58Co, 60Co, 65Zn and 182Ta [1]. Among
these, 54Mn is of major concern from the point of
view of activity burden on the operating personnel.
This nuclide is produced by (n, p) reaction of 54Fe
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present in the clad and structural materials and
has a fairly long half-life of 312 d with c-energy of
835 keV [2]. Its behaviour in sodium systems is quite
different from that of other activated corrosion
products. The deposition rate of 54Mn is not as fast
as that of other nuclides and only an insignificant
downstream effect has been reported [3]. Deposition
is significant in areas of high turbulence such as
valves and pumps [4] and is not a simple physical
adsorption. A thorough knowledge of the release,
transport and deposition of this nuclide is essential
to understand and model its behaviour in fast reac-
tor coolant circuits. One of the important input
parameters for modelling the above process is the
diffusion coefficient of 54Mn in structural materials.
At the operating temperatures, in addition to trans-
port and deposition to various parts, this radionu-
clide penetrates into the structural material by
diffusion. This leads to complex and costly opera-
tion and maintenance procedures. In addition, the
.
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diffusion of radionuclides into the structural mate-
rial renders component decontamination proce-
dures difficult and inadequate. Hence knowledge
of the diffusion coefficient of manganese in alloy
D9, which is the candidate-clad material in Proto-
type Fast Breeder Reactor, becomes important. This
paper describes the application of tracer technique
in determining the diffusion coefficient of 54Mn in
alloy D9 in presence of sodium.

2. Tracer technique – residual radioactivity method

The use of high specific activity radiotracers helps
in experimental investigation of the fundamental
mechanism of atomic diffusion in crystalline solids.
The diffusion of the impurity atom can be studied
at infinite dilution wherein the solute–solute interac-
tions can be neglected. Also radiotracer techniques
are easier to carry out at extremely low concentra-
tions than in chemical analysis and provide accurate
data on concentration profiles. In the �classical� radi-
otracer technique, radioactive isotopes of the element
whose diffusion needs to be investigated are depos-
ited on the specimen surface either by electroplating,
vapour deposition or by decomposition of an inor-
ganic salt prior to diffusion annealing. In the present
study, the radioisotope of interest, namely 54Mn, was
taken in sodium. Owing to this, during diffusion
annealing, the concentration of 54Mn on the speci-
men surface remained constant throughout. The
specimen was then diffusion-annealed in a furnace
at temperature T at which the diffusion coefficient is
to be measured. The duration �t� of annealing needs
to be chosen such that it does not exceed the half-life
of the isotope while the penetration depth of the radi-
otracer atoms is distinctly larger than the average
thickness of the layers to be removed from the speci-
men after diffusion annealing. Generally, thin layers
are removed from the specimen surface either by
sputtering techniques, anodic oxidation, chemical
stripping, ultra microtomes, chemical dissolution or
electropolishing.

In the present study microsectioning was done by
electropolishing. The residual radioactivity on the
specimen was measured and the concentration
profile was obtained by plotting logarithm of activity
Table 1
Chemical composition of alloy D9 in wt%

C Si Mn Ni Cr Mo S P

0.052 0.505 1.509 15.068 15.051 2.248 0.003 0.01
vs. the square of the distance from the surface. This
profile was fitted against a standard solution of
Fick�s second law and the diffusion coefficient at
the given temperature was determined. The experi-
ment was repeated for several other temperatures.
From the Arrhenius representation of the diffusion
coefficient, the diffusion parameters, pre-exponential
factor D0 and activation energy Ea were obtained.
3. Experimental

Liquid sodium containing known activity of
54Mn was taken in an alumina crucible. Rectangular
sheet specimens of alloy D9 (20 · 10 · 1.2 mm) were
kept immersed in liquid sodium taken in the alu-
mina crucible. In this work vacuum annealed (VA)
and cold worked (CW) specimens, whose chemical
composition in weight percentage is given in Table
1, were used for diffusion experiments. The crucible
along with its contents was placed inside a stainless
steel reaction vessel and was secured leak tight using
knife-edged flanges employing annealed copper ring
as gasket material. The entire operation was carried
out in a high purity argon atmosphere glove box.
The specimens were then diffusion annealed at tem-
peratures ranging from 773 to 873 K for different
periods of time from 1.8 · 106 to 10.8 · 106 s. At
the end of diffusion annealing, the specimens were
cleaned free of sodium, dried, weighed and the
residual activity of 54Mn was measured using a
well-type NaI (Tl) detector after microsectioning
of the layers electrochemically. A mixture of 65%
phosphoric acid, 20% sulphuric acid and 15% dis-
tilled water by volume was used as electrolyte and
a current density of 0.2 A cm�2 was employed. Elec-
tropolishing for 60 s removed approximately 1 lm
of the material. Concentration profiles of 54Mn were
obtained by plotting the residual radioactivity on
the specimens measured after each electropolishing
step as a function of square of distance from the ini-
tial specimen surface. The thickness of the layers
removed was determined using weight loss method.
The temperature dependence of D was calculated by
plotting logD vs. 1/T. From this plot, the Arrhenius
parameters D0 and Ea were determined.
Co Ti Ta + Nb N B Fe

1 0.0515 0.315 0.020 0.007 0.001 Bal
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4. Results and discussion

From the free energies of formation of metal
chlorides, it is known [5] that manganese chloride
gets reduced to manganese in sodium. During diffu-
sion annealing, the radioisotope dissolved in sodium
maintains a constant concentration at the surface of
the specimen, some of which penetrates the speci-
men surface by diffusion. Since the diffusion length
of the radioisotope is extremely small in comparison
with the thickness of the specimen, the concentra-
tion of 54Mn on the sample surface is assumed to
be constant considering the bulk 54Mn activity in
sodium. Hence, the solution of Fick�s second law
of diffusion as applied to semi-infinite body is
applied in the present case. The residual activity is
related to the thickness of the layer removed by
the following expression [6]:

ln A ¼ ln
C0

2
ffiffiffiffiffiffiffiffi

pDt
p � x2

4Dt
; ð1Þ

where A = residual activity (Bq), C0 = constant
concentration of 54Mn on the specimen surface
(Bq), D = diffusion coefficient (m2 s�1), t = diffusion
annealing time (s) and x = diffusion length (m).

The penetration plot is obtained by plotting the
logarithm of the residual radioactivity against the
square of the diffusion length. Figs. 1 and 2 show
the penetration plots in vacuum annealed and cold
worked specimens. These plots have three linear
regions with different slopes. For elucidating the
three regions, a typical concentration profile of vac-
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Fig. 1. Residual activity of 54Mn as a
uum annealed specimen (873 K, 1000 h) is shown in
Fig. 3 where the zones are marked. The three zones
indicate that the diffusion of the deposited radioiso-
tope in the structural material takes place by three
distinct processes. The outermost zone (zone 1 in
Fig. 3) corresponds to the manganese radioactivity
in the depleted layer formed by the preferential
dissolution of Ni and Cr from the specimen into
sodium. Hence over a period of time the austenitic
surface gets depleted of chromium and nickel. The
thickness of the depleted layer varies according to
the time and temperature of exposure to sodium
and in the present study is of the order of 3–5 lm.
Calculation of diffusion coefficient in this region is
not considered since this region does not pertain
to any phase of interest. The intermediate zone
(zone 2) is the zone of interest from where the bulk
diffusion in the material is calculated. The diffusion
coefficient of the radioisotope in the specimen is
determined from the relation, D = �1/(4ht), where
h is the gradient of this intermediate zone (refer
Eq. (1)). The thickness of the diffusion zone in the
present study is found to be in the range of 12–
15 lm. Following the intermediate zone, is the diffu-
sion in the tail zone (zone 3). The radioactivity in
the tail zone was too less to be counted and corre-
sponds to the background radioactivity with slight
contribution from grain boundary diffusion.

In Fig. 1, the data for the penetration plots at
temperatures 773 and 798 K appear to exhibit slight
scatter. This is explained as follows. Diffusion
annealing at lower temperatures require relatively
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function of x2 in VA specimens.
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Fig. 2. Residual activity of 54Mn as a function of x2 in CW specimens.
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Fig. 3. Typical penetration plot of VA alloy D9 specimen diffusion annealed at 873 K for 1000 h.
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higher initial radioactivity and also longer duration
of diffusion annealing, as the kinetics of diffusion
and the penetration depths are less when compared
to diffusion at high temperatures. Hence the radio-
active counts were less as measured in the interme-
diate region at these temperatures. In addition,
considering the safety aspects of radioactive han-
dling, high amounts of initial radioactivity was not
recommended. It is also well known that the bulk
diffusion is a combination of volume diffusion and
grain boundary diffusion. At low temperatures the
contribution from grain boundaries dominate and
at high temperatures the diffusion is mainly due to
bulk of the grains. In the present study, the scatter
in the data in the intermediate zone at 773 and
798 K is due to low initial radioactivity and rela-
tively short duration of diffusion annealing. How-
ever, in all the cases, the intermediate zone (zone
2) was carefully chosen while determining the slopes
and calculating the diffusion coefficients.

The microstructures of alloy D9 (both CW and
VA), at the start and after diffusion annealing
followed by electropolishing, were recorded. The
surface of the 20% CW and VA alloy D9 specimens



306 R. Sudha et al. / Journal of Nuclear Materials 348 (2006) 302–310
were examined metallographically before diffusion
annealing but the same could not be examined
immediately after diffusion annealing as it involves
handling high radioactivity inside the SEM cham-
ber. However, the specimens were examined after
diffusion annealing followed by electropolishing,
which contained radioactivity corresponding to
background level. Figs. 4(a) and 4(b) show the
microstructures of the 20% CW alloy D9 specimen
before diffusion annealing and after diffusion
Fig. 4(a). Microstructure of as received 20% CW alloy D9. Slip band

Fig. 4(b). Microstructure of 20% CW alloy D9 after diffusion annealin
precipitation along the grain boundaries is seen feebly since such proce
annealing at 873 K for 2000 h followed by electro-
polishing. In the 20% CW specimen, the slip bands
and twin boundaries are clearly seen which is typical
in any cold worked specimen, whereas after diffu-
sion annealing, the slip bands and twin boundaries
have disappeared. However, there is no significant
grain growth during diffusion annealing when com-
pared with the parent 20% CW specimen.

Figs. 5(a) and 5(b) show the microstructure of
VA specimen before diffusion annealing and after
s and twin boundaries, typical of cold working, are clearly seen.

g at 873 K for 2000 h followed by electropolishing. Possible TiC
sses are postponed by cold working.
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diffusion annealing at 873 K for 1000 h followed by
electropolishing. D9 is a titanium-modified alloy to
avoid chromium carbide precipitation and hence
sensitisation at high temperature operation. In
Fig. 5(b), possible TiC precipitation along the grain
boundaries was prominently observed compared to
very slight precipitation seen in the CW specimen
Fig. 5(a). Microstructur

Fig. 5(b). Microstructure of VA alloy D9 after diffusion annealing
precipitation along the grain boundaries is seen.
since such processes are generally postponed in cold
worked materials.

The average grain size of the vacuum annealed
specimen as determined by intercept method is
80 lm. However, due to the presence of slip bands
and twin boundaries in 20% CW specimen, accurate
determination of grain size by intercept method was
e of VA alloy D9.

at 873 K for 1000 h followed by electropolishing. Possible TiC
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difficult. Hence the grain size was calculated for the
cold worked specimen after diffusion annealing in
sodium at 873 K for 2000 h followed by electropol-
ishing, which revealed the grain boundaries clearly.
The average grain size in this specimen was found to
be 57 lm.

The values of diffusion coefficient in the present
study ranges from 1.99 · 10�18 to 5.79 ·
10�18 m2 s�1 for vacuum annealed alloy D9 speci-
mens in the temperature range of 773–873 K and
1.53 · 10�18 to 2.12 · 10�18 m2 s�1 for cold worked
alloy D9 specimens in the temperature range of
823–873 K. Fig. 6 shows the dependence of D with
1/T. The activation energies for diffusion in vacuum
annealed and cold worked specimens are calculated
to be 60.76 ± 17.40 and 38.88 ± 12.01 kJ mol�1,
respectively and the respective frequency factors are
ð2:24þ26:45

�2:07 Þ � 10�14 and ð4:62þ20:77
�3:77 Þ � 10�16 m2 s�1.

It is known that diffusion in vacuum annealed mate-
rial is primarily volume diffusion controlled while
that in cold worked material is predominantly grain
boundary assisted. The decrease in the D0 value
(4.62 · 10�16 m2 s�1) indicates the defect-aided diffu-
sion in the cold worked specimens [7]. The decrease in
the activation energy for diffusion as well as the
decrease in D0 value for the cold worked specimen
correlate well. It is observed that the diffusion of
the radioisotope in cold worked specimens at lower
temperatures, namely at 773 and 798 K, is only in
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Fig. 6. Bulk diffusion of
the range of 3–5 lm from the surface of the metal
and hence the diffusivity could not be calculated at
these temperatures even after 10.8 · 106 s of diffusion
annealing.

Data on the diffusion of 54Mn in different stain-
less steel matrices in presence of sodium is not
exhaustive [8–11]. The diffusion coefficient values
1.8 · 10�18 m2 s�1 at 856 K and 1 · 10�19 m2 s�1 at
866 K reported by Sagawa et al. [8] and Brehm
et al. [9], respectively are different in order. Ortega
and Ariza [10] concluded that the diffusivity of
54Mn in stainless steel AISI type 304 in argon atmo-
sphere is greater than that in presence of sodium in
the temperature range of 673–1073 K. Similar
behaviour was also observed in our experiments.
This behaviour is attributed to the following reason.
In presence of sodium, owing to the solubility of
manganese in sodium, there is an opposing force
that restricts its diffusion into the stainless steel
matrix while in argon atmosphere no such force
for diffusion into the matrix exists. Hence the diffu-
sivity of radioactive manganese in sodium is found
to be less than that in argon atmosphere. If the D

values of manganese determined in the presence of
sodium are compared with those determined by
Ortega and Ariza it is found that D at 923 K deter-
mined by Ortega is less than that in the present
work. This is because the matrix in their study
was initially exposed to argon gas for 168 h and
5 1.30 1.35 1.40

Mn-D9 VA
 Mn-D9-CW

840 820 800

)

54Mn in alloy D9.
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then in liquid sodium for another 168 h. Hence the
concentration of manganese on the surface would
not be a constant and would be depleting as a func-
tion of time, whereas in the present work the initial
concentration remains constant throughout. The
diffusion of 54Mn in AISI type 304 SS was studied
earlier [12] by the same technique as in the present
work. The D values range from 8.39 · 10�19 to
2.12 · 10�17 m2 s�1 in the temperature range 723–
923 K and Ea was found to be 89.51 kJ mol�1. Some
of the reports [13–15] discuss about the deposition
of 54Mn in the primary circuits of various Fast
Reactors while the other reports [16–20] deal with
diffusion of 54Mn in austenitic stainless steel and
Fe–Mn alloys in the absence of sodium under differ-
ent experimental conditions. In the present work,
the experiment is carried out in presence of sodium.
The large difference in the D value reported in the
present study compared to those reported earlier is
due to the different environment in which the exper-
iments were carried out. It is also interesting to note
that the Ea values determined in our experiments are
almost four times less than the values reported in lit-
erature as shown in Table 2. In the present study,
there is a constant surface concentration of 54Mn
maintained on the surface of the specimen all
through the process. This is responsible for the
enhanced diffusion and the low activation energy
than that reported in the literature. It is also
observed that the Ea for cold worked specimens is
less than that for vacuum annealed specimens. This
is because in cold worked materials the diffusion is
enhanced by dislocations and grain boundaries.
From the literature, it is found that diffusion of
manganese at high temperatures could be along
the grain boundaries into the bulk material while
at lower temperatures it remains as Mn–Ni rich
phase at the surface [21]. It is well known that
longer exposure of the matrix to sodium containing
54Mn at higher temperature results in higher diffu-
sion length. This has direct bearing on decontami-
nation of radioactive components, as it is required
to remove only a few lm thickness of the bulk mate-
rial at low temperatures while at high temperatures
several lm thick layers need to be removed.

5. Conclusion

The diffusion coefficient of 54Mn in vacuum
annealed alloy D9 in liquid sodium environment
measured in the temperature range of 773–873 K
was found to vary from 1.99 · 10�18 to 5.79 ·



310 R. Sudha et al. / Journal of Nuclear Materials 348 (2006) 302–310
10�18 m2 s�1 and that in cold worked D9 specimens
from 1.53 · 10�18 to 2.12 · 10�18 m2 s�1. Arrhenius
parameters D0 and Ea values were ð2:24þ26:45

�2:07 Þ�
10�14 m2 s�1 and 60.76 ± 17.40 kJ mol�1 for vacuum
annealed specimens and ð4:62þ20:77

�3:77 Þ � 10�16 m2 s�1

and 38.88 ± 12.01 kJ mol�1 for cold worked speci-
mens respectively. The results of the present study
show, under the operational conditions of fast reac-
tor, penetration of 54Mn into the stainless steelmatrix
depends on the thermo-mechanical treatment and
operation history of the material.
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