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is normally not encountered in sodium loops, where the concen-
tration of oxygen is controlled through continuous cold trapping.

In order to fully understand the corrosion problems and to
suggest optimum operational parameters, several countries of
the world have embarked on programs to test materials in
sodium environments (in situand off-line). Even though there
are a wealth of data generated by different countries, the direct
application of these data among different countries is rendered
difficult because of the differences in the qualities of sodium
used by each country. As already mentioned, corrosion by
sodium is strongly dependant on the contents of various dis-
solved impurities. The present investigation has been designed
to unravel the corrosion behavior of AISI type 316LN stainless
steel at a temperature of 823 K on exposure to the sodium pro-
cured from Indian sources. The duration of exposure was
6,000 h (21.6 Ms).

2. Experimental

2.1 Description of the Loop

The specimens were exposed to flowing sodium in a loop
called the “mass-transfer loop.” The sodium in the loop was
circulated using an electromagnetic pump. The flow rate of
sodium was 5 m/s in the test sections. The impurities in sodium
were controlled by continuously bypassing a part of sodium
through a cold trap. In the cold trap, the impurities are precipi-
tated and retained without being carried to the main loop. The
total impurity content in the sodium was determined by a device
attached to the purification module. This device was called the
“plugging indicator.” In this device, sodium was allowed to
pass through an orifice. The temperature of the orifice was pro-
gressively brought down by cooling it externally by blowing air.
The precipitation of impurities results in the reduction of flow of
sodium through the orifice. From the data on temperature at
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1. Introduction

Austenitic stainless steels find widespread application in high-
temperature systems owing to their good mechanical properties
coupled with adequate endurance in most of the corrosive envi-
ronments. In fast reactors, the components are in contact with
flowing sodium at high temperature. Stainless steel has been
reported to possess acceptable compatibility with sodium.[1–6]

Hence, a majority of the components of the fast reactors are fab-
ricated using this material. However, some of the constituent el-
ements (being present as interstitial and substitutional alloying
elements) dissolve in sodium even though they only exist in trace
levels.[7,8] Optimum concentrations of constituent elements are re-
quired to sustain good mechanical and corrosion properties, and
therefore, the leaching caused by sodium could adversely affect
the components.

The corrosive effect of liquid sodium is significantly altered
by the presence of certain dissolved impurities. Presence of an
impurity such as oxygen in sodium significantly aggravates the
corrosion process.[9,10] The generation of ternary compounds such
as NaCrO2 promotes the leaching of chromium. This compound
is formed even when the oxygen concentration of sodium is very
low.[11–14] Ternary compounds of other constituent elements of
steel with sodium and oxygen are formed only when the oxygen
content is substantially high.[13,14,15]Such very high concentration
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which the plugging has occurred and dependence of solubility of
impurities on temperature, it is possible to gauge the total impu-
rity contents in sodium. The samples to be exposed to sodium
were contained in a specially designed sample holder. The sam-
ple holder has provisions for simultaneously carrying out ther-
mal aging of the specimen. Comprehensive details about the
loop and sample holder have been published in the literature.[1]

2.2 Materials Used

Rectangular plates of stainless steel type AISI 316LN were
employed as the specimen. The chemical composition is given
in Table 1.

2.3 Mode of Exposure to Sodium

The sample holders with the samples were welded to the ap-
propriate position in the loop. Sodium was allowed to flow along
the surface of the sample at a velocity of 5 m/s. The flow of
sodium was permitted only through a narrow slit of width 6 mm.
The region subjected to the corrosive effect of flowing sodium
was cut and specimens for different investigations were prepared.

There were a total of six sample holders in the loop. These
were subjected to different temperatures of exposure ranging
from 598 to 823 K. The analysis of the specimen from the high-
est temperature zone in the loop (823 K) was carried out and is
discussed in this paper.

2.4 Microstructural Examination

Specimens required for the microstructural investigation
were mounted in a mold of adhesive. It was polished using suc-
cessive grades of silicon carbide-coated paper. It was subse-
quently polished using diamond paste to a surface finish of 
1 µm. The polished surface was etched in a solution of 10% ox-
alic acid by passing a current of 0.01 A/mm2 for 120 to 180 s (2
to 3 min). It was subsequently examined under optical and scan-
ning electron microscopes.

2.5 Microhardness

The Vickers hardness numbers (VHN) of the polished spec-
imens were measured under a load of 100 g. The VHN values
were obtained at different intervals of depths from the sodium-
exposed surface.

2.6 Tensile Behavior

Flat tensile samples were machined from the sodium-exposed
specimen. The machining was carried out in such a way that the
sodium-exposed region formed the gauge length. Tensile specimens
were also fabricated from as-received and thermally aged materials.
The tests were carried out using a universal testing machine (Instron
Canton, MA) model 1195 at a strain rate of 2.2 × 10 −4 s−1.

2.7 Leaching of Elements as Determined by Energy
Dispersive Spectroscopy

The concentration of elements on the sodium-exposed sur-
face was determined by energy dispersive x-ray spectrometry
(EDS). The specimen was cross-sectionally mounted and the
analyses were carried out at fixed depth intervals of 1 µm start-
ing from the edge of the sodium-exposed surface. The intensi-
ties of characteristic x-rays emitted by the different elements
were estimated with the help of a multichannel analyzer.

2.8 Analysis of phase changes as determined
by x-ray diffraction

The phase change brought about by leaching of elements by
sodium was determined by x-ray diffraction (XRD). The incident
x-rays were Cu Kα.

2.9 Carbon and Nitrogen Profiles

The sodium-exposed specimens was cross-sectionally mounted
and analyzed for carbon and nitrogen by electron probe micro
analysis (EPMA). By analyzing the intensity of characteristic
x-rays emitted by carbon and nitrogen, their concentrations
were estimated. The analyses were carried out at periodic depth
intervals starting from the edge of the sodium-exposed surface.

3. Results and Discussion

Microstructure of the material in the as-received condition
showed a step structure that indicated the fully annealed condi-
tion. Thermal aging at 823 K for 6,000 h caused the generation
of a sensitized microstructure. As in the case of thermally aged
specimens, the specimens exposed to sodium also showed a
sensitized microstructure in the matrix. There was continuous
carbide precipitate at the grain boundaries. In the region close
to the sodium-exposed surface, the precipitation of carbide was
more predominant than in the bulk (indicated by a broader grain
boundary zone with the precipitate in the region close to the sur-
face). This behavior is attributed to the carburization of steel
by the carbon dissolved in sodium. The micrographs of the
thermally aged and the surface region of the sodium-exposed
specimens are given in Fig. 1.

The sodium-exposed specimen also revealed the generation
of a modified region. This layer was similar to the one observed
in the case of AISI 316 stainless steel, which was exposed to
sodium.[16] The XRD data on the sodium-exposed surface are
shown in Fig 2. It revealed the generation of a ferrite phase (the
x-ray diffractograms were recorded using a Siemens D-500
powder diffractometer equipped with a diffracted beam mono-
chromator tuned for Cu Kα Siemens, Germany). The fluores-
cence effects of iron-base alloys have been circumvented in this
configuration.

Chemical analysis indicated that the carbon content has in-
creased from 0.026 to 0.032 wt.%. The specimen for chemical
analysis was taken from the sodium-exposed zone. The thickness
of the specimen was 3 mm and hence the effect of surface car-
burization was reflected only marginally in this analysis. How-
ever, it provided evidence for the carburization undergone by the

Table 1 Chemical composition of the material

Element Cr Ni Mo Mn Si C P N

Wt.% 16.8 10.4 2.06 1.6 0.53 0.026 0.031 0.073
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The carburization of steel on exposure to sodium was also ev-
ident from the EPMA (Fig. 4). The sodium-exposed region
formed a carburized layer of thickness 5.5 µm. The maximum
content of carbon in the carburized zone was 0.35 wt.% as com-
pared to 0.026 wt.% in the original material. The content of ni-
trogen in the sodium-exposed surface also showed an increase
(Fig. 5; it increased from 0.073 to 0.341 wt.%) at the surface.

The extent of carburization in the present alloy was higher
than that reported in the case of AISI type 316 stainless steel

Fig. 1 Microstructures of specimens: (a) optical micrograph, thermally
aged; and (b) micrograph, sodium-exposed scanning electron

Fig. 2 XRD analysis of the specimen exposed to sodium

material. Measurement of microhardness profile gave further ev-
idence of carburization. The VHN of the sodium-exposed speci-
men at the surface was substantially higher at 350 when compared
to 180 for the thermally aged and as-received materials.

The results obtained by EDS analysis are given in Fig. 3.
There was a reduction in the concentration of chromium and
nickel in the case of sodium-exposed specimens. The concen-
tration of nickel was very low at the surface (<5 wt. %) and passed
through a maximum at a depth of 2 µm from the surface. The con-
centration was the lowest at a depth of 4 µm and thereafter
steadily increased to attain the matrix concentration at a depth of
8 µm. The reason for the variation of concentration of nickel in
the above manner could not be fully explained. The depletion of
nickel (major element responsible for retaining the austenite
structure) caused the generation of ferrite phase at the surface ex-
posed to sodium. Even the increase in the content of carbon (an
austenetizing element) could not compensate for the reduction in
nickel content and restrict the phase transformation.

The leaching of chromium was significant up to a depth of 
2 µm. Thereafter, its concentration steadily increased and attained
the matrix value at a depth of 4 µm from the surface. The concen-
tration of iron showed an apparent increase up to a depth of 6 µm
because of the reduction in concentration of other elements.

Fig. 3 EDS analysis of leaching of elements from the sodium-exposed
surface
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Fig. 4 EPMA concentration profile of carbon on the sodium-exposed
region Fig. 5 EPMA concentration profile of nitrogen on the sodium-exposed

region

(with carbon content of 0.056 wt.%), which was exposed to
some sodium (823 K, 16,000 h).[1] The extensive carburization
undergone by this material is presumed to be due to two causes.

• The loop is constructed of AISI 316 stainless steel with a
carbon content of 0.06 wt.%. Exposure of AISI 316 LN
stainless steel with a carbon content of 0.026 wt.% naturally
causes carburization because of a large difference in carbon
activity between these alloys. The flowing liquid sodium
acted as the transfer medium.

• The generation of cyanide would lead to a high carbon po-
tential in the loop and contribute to higher carburization.
It was possible that the nitrogen present in the steel spec-
imens reacted with the carbon dissolved in the sodium to
form sodium cyanide. The free energy data of cyanide
sheds light on this possibility.[17] The evidence for the exis-
tence of cyanide species in sodium has been reported in the
literature.[18]

The solubility of sodium cyanide in sodium is very high when
compared to other species of carbon encountered in sodium.[19]

Hence, this species is very easily transported through sodium
from one part of the loop to another. The cyanide species caused
the carburization and nitridation of the specimens at the high-
temperature zone because of favorable kinetics. Supporting evi-
dence for the carburization and nitridation was obtained by the
EPMA. The analysis of the sodium to ascertain the presence of
cyanide could not be carried out at present. Its concentration was
expected to be below the limit of sensitivity of analytical equip-
ment. However, it was expected to accumulate in the cold trap
due to precipitation. Hence, its existence in the sodium system
can be confirmed only when cold trap residues are analyzed at a
future date.

The tensile data on different specimens are given in Table 2.
Thermal aging and exposure to sodium did not cause any appre-

ciable difference in yield strength (YS) and ultimate tensile
strength (UTS). However, there was a noticeable reduction in
the uniform elongation (UE) and total elongation (TE) at rup-
ture in the case of both thermally aged and sodium-exposed
specimens. The reduction in UE was 7% in the case of thermal
aging and 19% on exposure to sodium. Corresponding reduc-
tions in TE were 10% on thermal aging and nearly 27% on ex-
posure to sodium. This behavior is attributed to the transport of
an interstitial element such as carbon and nitrogen across the
steel-sodium interface and the subsequent hardening effect.
The impact of carburization and nitridation on the YS and UTS
were within the experimental scatter and thus could not be
clearly established.

4. Conclusions

Austenitic stainless steel of the type AISI 316 LN was exposed
to flowing sodium in a loop at a temperature of 823 K for 6,000 h.
These specimens were retrieved from the loop and analyzed for
the different changes brought about by mass transfer through
sodium. The main conclusions drawn from this investigation are
as follows.

Table 2 Tensile data of as-received, thermally aged, and
sodium-exposed specimen

Reference YS (MPa) UTS (MPa) UE (%) TE (%)

As-received 336 606 67 87
384 625 61 77

Thermally aged 340 655 60 75
280 645 60 73

Sodium-exposed 389 642 52 62
363 632 48 58
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• Thermal aging at 823 K caused the generation of carbide
precipitate at the grain boundaries. The specimen exposed to
sodium revealed increased precipitation of carbon because
of carburization by the carbon dissolved in sodium.

• Exposure to sodium caused the leaching of elements such
as chromium and nickel.

• The surface hardness of the sodium-exposed specimen was
enhanced because of carburization and nitridation.

• Exposure to sodium caused the generation of a modified
layer, which contained ferrite. This transformation was
driven by the loss of the austenite stabilizing element, nickel.
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