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Abstract

Some experimental studies were carried out to study the effects
of oxygen concentration in sodium on corrosion for the domestic clad-
ding tube (nominal dimension of 6.3 mm outside diameter at 0,35 mm
wall thickness ) of Type-316 stainless steel. The daughter loops,
M-2 and M-11, were used for mass-transfer test of the tube specimen,
in which the test condition was individually selected on the oxygen con-
centration; the cold trap temperatures were controlled at 200 °C in
M-2 and 150 °C in M-11. Mass-transfer test was done for about
2,000 hours in flowing sodium and the maximum temperature of test
sections was held at 650 °C.  After exposure in sodium, the follow-

ing analyses were made on the specimens: weighing, surface rough-

ness, SEM, X-ray diffraction, X-ray microprobe, mechanical proper-
ties and others,

The results are summarized as follow:

* Sodium Technology Section, Sodium Engineering Division,
O=arai Engineering Center,




(1) General corrosion rate of the cladding tube specimen is remark-
ably dependent on the oxygen concentration. It shows distinguished
increase as the cold-trap temperature increases.

(2) The iron rich layer was observed, where nickel and chromium ,
were depleted. Elemental leaching and depletion in the surface
layer were mainly observed inwards along the grain boundary in
the neighbour of the surface exposed in sodium. Thickness of the
leaching layer was about 30 #m.

(3) At the surface layer of the specimens exposed in sodium, the
presence of ferrite was confirmed by X-ray diffraction, and the
surface roughness of the specimens after exposure in the higher
oxygen concentration increased to about 1.8 times as large as those

before exposure.
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1. Introduction

The decrease in the thickness and property change of surface
layer of the cladding tube for FBR due to corrosion in high-temperature
flowing sodium are dependent on various parameters of the corrosive
environment, such as the purity of sodium. Experimental evaluation
of them is considered to be important, in view of the effect of corrosion
on the material strength of thin-wall and small-diameter tubes of a fuel
assembly. For this reason it is required to evaluate experimentally

sodium corrosion behavior of domestically produced cladding tubes.

In order to investigate the effect of the oxygen concentration in
sodium on the corrosion of the cladding tube, two different loops (M-2
daughter loop in the low-purity material test loop and M~11 daughter
loop in the medium~purity material test loop) were used, where the test
condition can be individually selected on the oxygen concentration in
sodium. The sodium exposure test on the JOYO fuel cladding tubes
will carried out at the maximum sodium temperature of 650 °C and two
different oxygen concentrations in sodium (cold trap temperatures 200
©C and 150 °C) up to 2062 hour‘sI.\IQte D The amount of decrease in
thickness of the cladding tube was obtained and a study of the effect
of the decrease in thickness on material strength was made. Further-
more, some experiments were carried out on the 650 °c exposed speci-
mens (cladding tube) to reveal the corrosion behavior, such as forms
of the corroded surface layer, the leaching and depletion of alloying

elements in the grain boundary, and the changes in mechanical "pro-

perties after exposure in sodium.

Note 1): Afterward, some of the specimens were exposed to sodium
up to 3063 hours.



The data relating to the rate of decrease in thickness of the
cladding tube due to exposure in sodium and the depth of depletion
layer will be valuable in making strict evaluation of the decrease in

creep strength and so on in future.



2. Cladding Tube Specimens, Test Apparatus and Procedures

2.1 Cladding tube, and shape of the specimens
| The cladding tubes tested in sodium were made of Type AISI-
316 austenitic stainless steel (the amounts of B, N and Co were
specified). The chemical composition, grain size number and cold
working rate are shown in Table 1. The cladding tube specimens
were manufactured and heat-treated as below.

Steelmaking —» ingot making — billeting — extrusion —
rolling — drawing — heat treatment (bright annealing at 1,000
°c ~ 1,100 °C) — final cold drawing — rolling — straightening

—> tube

Table-1 Material properties of Type-316 stainless steel cladding tube

Chemistry
C Si | Mn P S Cu Ni Cr Mo | Co B N

Analysis

Ladle analysis | 0.06[{058 1520003 {0017 (023)|1314(1660(252/0.02[0.0005]0.042

Check analysis | 006 056 |1.52[0003[0.013}022[131417.05 240{002(0.0002}0.0262

4 0.06 {056 1.53/0003)0013(0.22|13.15}17.00{241{002{00002|0.0260

Grain size number ASTM No. 7.1 7.0, Cold working rate 10 12 %
Cladding tube form 6.3¢ (O.D.) x 5.6¢4 (1.D.)

Two types of specimens used for mass transfer test are shown
in Fig. 1. Specimen A has welded plugs at both ends for making
investigations on the corrosion of the welding zone. Specimen B is
for making investigations on the corrosion behavior, mainly the
changes in the wall thickness (mass transfer) of the fuel cladding
tube. When inserted into the loop, the specimen is fixed by means of
the filler piece. A pair of specimens A and B is inserted in each of

the test sections (T -1 T - 5in Fig. 5)
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2.2 Test apparatus ( soium loop)

The test apparatus used in this experiment comprises the
daughter loops M-2 and M-11 branched from two mother ioops re-
spectively (low-purity material test loop and medium-purity mate-
rial test loop). The flow sheets of the loops M-2 and M-11 are
shown in Fig. 2. Each mother loop is composed of a purifying line
with a cold trap, a plugging indicator line, an oxygen meter line,
mass transfer test sections, creep test sections and so on.

As shown in Fig. 2, the daughter loop for mass transfer test is
composed of an AC Faraday type electromagnetic pump, an electro-
magnetic flow meter, an immersion heater, a fan cooler and five
freeze-seal type test sections. These are the monometallic type
loops entirely made of SUS-316, equivalent to AISI-316 (the mother
loop is entirely made of SUS-304, equivalent to AISI-304).

Photo-1 shows part of the mass transfer test loop (M-11),

2.3 Test conditions of sodium exposure

The sodium exposure test was carried out while constantly
supplying the daughter loops with refined sodium from the mother
loops. The sodium exposure test conditions used in our experiments
are listed in Table 2.

As shown in this table, two conditions were selected for the oxy-
gen concentration in sodium (cold trap temperature: 200 °C and
150 °C). The test section T-1 of the M-11 loops has the maximum

temperature 650 °C and the maximum sodium veIocity(S.Om/sec:l.\]ote 2)

Note 2): The sodium velocity in M-2 was originally set at 6 m/sec but
we used a velocity of 2.6 m/sec due to the restrictions im-
posed by the capacity of the electromagnetic pump. In view
of the results, two units of pumps approximately equal to the
one used for M-2 were installed in M-11 in order to obtain
a larger capacity.
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among all the test sections. The specimens which were exposed in
sodium at the cold trap temperature of 200 °C (oxygen concentration:

5 ppm) will be referred to as the high-oxygen exposure specimen and

the low-oxygen exposure specimen respectively,

Table-2 Test conditions in flowing sodium

Test -

con_di- Daughter|Max, sodium |Sodium Cold trap |0, concentration Expossd
MO“{EEP tion loop | temperature| velocity| temperature {wppm) t ime
Low Purity
Material M—2 650°C 2.6m sec 200°C 12 953 [hrf
Test Loop T—-1) |(T-1) (Chemical anaiysis value)
Med ium Puri ty 5 904
Material M-—-1 650 'C 6.0m sec 150 °C (Chemical analysis | 2069
Test Loop (r-—1) j(T-1) value) hr

2.4 Testing procedures after sodium exposure

After exposure in sodium with two different oxygen concentra-

tions, some tests were conducted on the specimens to investigate

surface corrosions (i, ii, iii, iv and v), the internal corrosion (vi,

vii), and the effect of corrosion on the mechanical properties of the

cladding tube (viii) as described below,

(i) Weighing of specimens after sodium exposure

After exposed to sodium, the specimens were ultrasonically

cleaned in ethyl alcohol and dried by hot air before weighing.

An H-20 direct-indication balance (made by Mettler Co, ) was

used for weighing the specimens.

This balance is capable of

weighing up to 160 g and the minimum reading is 1/100 mg.

(ii) Scanning electron microscopy

The scanning electron microscopic observations were made
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using an HSM-2 scanning electron microscope with a resolving
power of 200 ;:{ of all the specimens as received or after exposure
in sodium without any surface treatment such as metal evaporation
coating. Scanning electron micrographs were taken under the
conditions as an accelerating voltage of 25 kV, an inclination angle
of 45 °. 30 0, an exposure time of 100 seconds and a magnification
of 400 X - 20,000 X. The ruptured surfaces after the ring tensile
test were also observed by the same procedures under the same
conditions.
(iii) Surface roughness test
The surface roughness test was carried out to determine the
surface roughness before and after sodium exposure, using the
needle-touch type super roughness tester AB-2 (made by Mitsutoyo
Seisakusho). This is a type of surface roughness tester by which
the vertical displacements of the tip of the needle are detected by
a strain gauge. The needle tip is made of diamond with a diameter
of 54m and an angle of 70°. It, therefore, shows a value slightly
smaller than the actual depth of depressions less than 5 zm.
The test was made by tracing the surface of the cladding tube speci-
men with the needle aiong the longitudinal direction.
(iv) X.M.A. (X-ray microanalysis test of sodium exposed surfaces
In order to investigate the forms of the corroded surfaces and
the changes in the concentrations of alloying elements in the surface
layer, X-ray microanalysis (XMA) was made to obtain the charac-
teristic X-ray images and line using profiles of the surface of the
cladding tube specimens, XMA-5 mic;roanalyzer (made by Hitachi,
Ltd. ), which has three detectors so that three elements may be

linearly analyzed simultaneously. The X-ray microanalysis was
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carried out for such combinations of elements as Ni, Cr and C .

for example.

Cr, Mo, Na, C, © and N,

in the XMA line analysis is illustrated in Fig. 5. To

Analyses were made on such elements as Fe, Ni,

The method of the line scanning used

examineg

the changes in the concentrations of elements in the surface layer

and in the interior, the line analysis was made on the surface

exposed in sodium and the region in which the surface was ground

to a depth of approx. 50 4m to 100 gm.

tions are presented in Table 3.

The XMA test condi-

Table-3 Conditions of characteristic X-ray analysis

Characteristic

Accelerating

Specimen

Element Xray Cryostat Voltage Absorbtion Current Ramarks
~ Fe Ky Li-F 20kV 00524
Ni Kqg Li-F " '
Cr Ka Li-F r "
Mo Kq *1 ADP " . *1 NH; Hp PO,
c Ky *2 STE Y ’ *2  Pb (Cyy Has COO,
Na Kq *3 KAP v : 3 o, § SO0
0] Kq STE . 4
Kg » 4 J

(v ) X-ray diffraction of the surface exposed to sodium

X-ray diffraction test was carried out to investigate the

changes in the crystal structure of the corroded surface of the

cladding tube specimen.

The apparatus is a self-recording X-

ray diffractometer (made by Rigaku Denki) composed of an X-

ray generator 4053A3, a diffraction goniometer SG-8, a count-

ing and recording device 5055A, and an Nal scintillator. The

cladding tube specimen for diffraction test was sliced to a

-7 -




length of 20 mm, compressed flat by use of the Instron tensile

tester and fixed to an aluminum plate. Cu(Kg } rays were used
in the diffraction test and the diffraction patterns from the vari-
ous diffraction planes as (110) plane were recorded. The test

conditions were as follows.

Target X-ray CuKa

Applied voltage 30kV

Coarse Gain 2

Scanning speed 1 °/min. ~ 4 °/min,
Chart speed 10mm/min. ~ 20 mm/min.
Full scale 2 x 103 ¢/sec.

Time constant 1 sec. ~ 0.5 sec.

(vi) X-ray microanalysis of the longitudinal sections of cladding
tube specimens
In order to investigate the corrosion behavior (leaching

and depletion) at the sections of cladding tube specimens, the
distribution of alloying elements was measured using an X-ray
microanalyzer. The analyses were made by use of the same
method and apparatus as in the case of the sodium exposed sur-
faces. The beam scanning for the X-ray analysis was carried
out in the longitudinal direction of the specimen. The sandwitch
method illustrated in Fig. 6 was adopted to minimize the "slack-
ing" of the specimen end. Embedded in resin and buffed to
0.05 #m, the specimen was removed from the resin bed and then
the X-ray scanning was carried out parallel to the sodium exposed
surface at a specified depth. By repeating this procedure in
the direction of depth, the distributions of alloying element con-

centrations were measured from the surface to the inner section
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of the specimen,

(vii) Metallographic test of the sections of specimens

To make observations of the micro-structure, the specimen

was sandwitched and embedded in resin as in the case of (vi).
After polished with emery paper and buffed, the specimen was
etched with aqua regina, For the metallographic test after tensile
rupture, the specimen was first plated with nickel to prevent the
"slacking” of the specimen end in polishing, embedded in resin and
thereafter the same method as described above was used for obser-
vation,

(riii) Ring tensile test

An Instron tensile tester (TT-CM-1) was used to carry out

the ring tensile test with a tensile velocity of 0.5 mm/min.. (cross-
head speed) at room temperature in the air. The specimen for
this test was prepared as described below. The specimen was
first sliced about 1.4 mm wide, using a presion cutter ( with a
thin cutting edge of 0.5 min) and the test piece was ground to the

accuracy of 1.000 +0.005 mm by the use of wet emery paper.



3, Results

3.1 Weight loss of the metal dissolution in 650 °C sodium

Fig. 7 shows the relation between the decrease of weight due
to the metal loss of the FBR fuel cladding tube specimen in flowing
sodium with low oxygen concentration (cold trap temperature: 150
°c, oxygen concentration: 5 ppm) at 650 °C and the duration of ex-
posure of the specimen in sodium. Under these conditions, the ini-
tial corrosion within about 1,000 hours did not seem to be so remark-
able. The relation between the cold trap temperature ( correspond-
ing to the oxygen concentration in sodium) and the rate of metal loss,
i.e., the rate of thickness decrease is shown in Fig. 8. It is
evident from this figure that the metal loss increases as the cold trap
temperature increases, i.e., the oxygen concentration increases,.
This tendency agrees with the tendencies obtained by other investiga-

(3N4X5)

tors. The scattering of data relating to the type of specimen
exposed to the low oxygen sodium in Fig. 7 seems presumably to be
within the experimental results. One of the causes of the difference
between the data of the specimens exposed to the high oxygen sodium
is presumably that in the case of B type specimens the influence of
sodium penetration between the filler piece and the inside of the
cladding tube was greater on the specimen exposed to the high oxygen
sodium than on the specimen exposed to the low oxygen sodium, and
consequently noticeable difference was brought in weight changes.
Investigations are being made on the cause of this phenomenon and a

study is also being made on improving the form of the specimens to

minimize the scattering of the corrosion rate data.
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3.2 Scanning electron microscopy of surface corrosion

Photo 2 shows the scanning electron micrographs of the surface
of cladding tube specimen before exposure to sodium. As seen from
Photo 2(a), the surface of the cladding tube shows only the minute
abrasions presumably made during its final machining and the surface
condition is good. Photos 2(b) and (c) show further magnified
views of the surface. The maximum height of the surface roughness
(JIS) was 0.9 um. Photo 3 shows the surface corrosion after sodium
exposure. Photos 2(A), 2(D) and 2(E) show the surface corrosion
after sodium exposure. Photos 3(A), 3(D) and 3(E) show the sur-
face of the tube, while Photos 3(B) and 3(C) show the heat-affected
zone of the welded end plug. Photos 3(C) and 3(E) are the micro-
graphs of higher magnifications of the same places with (B) and (D).
The surface corrosion showed the general characteristics as follows:
(i) The grain boundary appears distinctly and is slightly depressed
compared with the matrix. Noticeable intergranular corrosion is not
observed and the main corrosion morphology is considered to be the
general corrosion. (ii) Corrosion products of about 0.2 zm to 1 gam
in size are observed on the surface of the matrix. (iii) The degree
of corrosion varies slightly along the direction of the individual crystal
grains in the surface, which may be related to the wavelike surface
roughness. (iv) Both welded and heat-affected zones have no notice-
able difference as compared with the tube surface except the welded
part (refer to Photos 3(A), 3(B) and 3(C). (v) On the oxygen
concentration dependence of corrosion, the corroded surface is more

crystalline,
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3.3 Surface roughness change due to sodium exposure

The surface roughness data before and after sodium exposure
are shown in Fig. 9. The specimen exposed to the high oxygen con-
centration sodium (1,000 hrs.) had a greater surface roughness
change than it in the low oxygen concent ration sodium (2,000 hrs),
with an increase to 1.6 am (the mean value of roughness according to
the maximum height indication ) from the roughness of 0.9 4m before
sodium exposure. In the case of the specimen exposed to the low xoy-

gen concentration sodium, its surface roughness showed only so slight

an increase to 1.1 xm.

3.4 Changes in chemical compositions in the corroded surface

The typical results of X-ray microprobe dimensional analyses of
the surface exposed to the low-oxygen concentration are shown in
Photo 4. The analyses of each element were made at the same loca-
tion.

The lights and shades in Photo 4 are in proportion to the con-
centrations of the elements, that is to say, the darker the shade, the
lower the concentration. The white straight line (horizontal) is the
place where the line analysis was made and the white zigzag line shows
the analysis curve. Some correlation is observed between the shad-
ing in & photo and the line analysis curve. From these results, fol-
lowing relations are found. Ni and Cr have almost identical distri-
bution, while Fe has an reverse distribution (tendency to Ni and Cr ),
that is to say that Fe increase where Ni and Cr decrease. The corre-
lation between carbon and these elements is not revealed clearly from
Photo 4. The surface has the regions of the maximum size of 10 um

with distinct decreases of Ni and Cr and a slight increase of Fe.
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These regions coexist with the regions where the chemical composi-
tions show a relatively small change. Photo (C) is a reflected
electron beam image. From this photograph the correlarion is not
clearly observed between this image and the dimensional analysis
image of the elements shown here. Fig. 10 shows the results of the
line analysis of the specimen exposed to the high oxygen concentra-
tion sodium. The numerical values in this figure represent the ele-
ment concentrations in the surface before and after sodium exposure,
which were obtained by assuming that the line analysis level of the
ground surface (the thickness of the surface layer removed by grind-
ing: approx. 50 - 100 um) is approximately the same value as the
element concentrations before sodium exposurel.\IOte 3 As in the case
of the dimensional analyses in Photo 4, the line analyses showed the
similar tendency that Fe increased while Ni and Cr decreased in the
surfaceli\] ote 4)
Table 4 shows the mean values of elements (Fe, Ni, Cr) be-
fore and after sodium exposure and the maximum value of Fe and
minimum values of Ni and Cr, obtained from Figs. 10 and 14 (plane,
line analysis curve) in respect of the specimens in the surface ex-
posad in the high and low oxygen concentration sodiums. This table

indicates that the decreasing rates of Ni and Cr to the concentration

of each element before exposure are about the same in high oxygen

Note 3): This assumption is based on the results of test in 3.6, i.e.,
the results of the characteristic X-ray analysis in the section
showed that the chemical compositions indicated little change
in the inner part more than about 30 #m from the surface
after exposure to sodium.

Note 4): Since the positions of line analyses of the elements in Fig.
10 were slightly different, the correlations among these ele-
ments cannot be discussed from Fig.10 alone. However, the
XMA analyses made at the same position showed approximately
the same results as Photo 4.
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concentration sodium (Case~A), but the decreasing rate of Ni is
remarkably higher than that of Cr in low oxygen concentration
sodium (Case-B),

Fig. 11 shows the chemical compositions of the specimens as
received and after 1,000 hrs sodium exposure (Case-A) plotted on

the phase-equilibrium diagramé) of the Fe-Ni-Cr system at 650 °C.

Table-4 Change in chemical composition due to sodium exposure

Xray Mi be Anal i
Material Check Analysis, ¥ teroprobe Analysis
As E d Material in Sedi t 650°C
Condition| Mean Value (As Expose eria’ in bodium a )
Case—A C —B
(As Received °e ase
Max,or Min, Max, Min,
Element Material) | Mean Value n Mean Value x.or Min
Value Value
Fe 650 715 Max, K 817 73 -
Cr 17.0 129 Min, 109 . 13 Min., 96
Ni 131 10.9 Min, 85 9 Min., 24

Case—A ... 12ppm O; in sodium for 1000kr
Case—B.,. ©5ppm Oy in sodium for 2000hr

It is seen from this figure that the maximum shift position on the
surface of specimen exposed to sodium is within the region where has
the B.C.C. (body-centered cubic) and F.C.C. (face-centered cubic)
structures coexist. It is supposed that the surface crystal structure
of the specimen exposed to the high oxygen concentration sodium (650
oC, 1,500 hrs) is composed of two different structures, i.e., B,C.C.

and F.C.C.
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3.5 X-ray diffraction of corroded surface

Fig. 12 shows the diffraction patterns of the specimens as re-
ceived and those exposed in high oxygen concentration sodium (650
°C, 1,000 hrs). The specimen as received had only the diffraction
pattern from the F.C.C. structure (7-iron). As predicted in 3.4,
the sodium exposed specimen showed not only the F,C.C. diffraction
pattern but also the (110) reflexion of a -iron, showing the B.C.C.
patterns disappear when the sodium exposed surface layer is removed
by grinding, they are considered to be the result of the phase trans-
formation (refer to Fig. 11) due to the changes in the chemical com-
positions in the surface caused by the exposure to sodium. The
specimen exposed to the low oxygen concentration sodium also showed
the diffraction pattern of a higher peak value [ @ (110) J indicative
of the presence of @ grains and more distinct diffraction patterns
(a(200) and (211)]). This may be understandable from the fact that
both the mean shift and maximum shift points of the specimen exposed
in low of oxygen concentration sodium are plotted in Fig. 11 to the
left siGe compared with those of the specimen exposed to the high

oxygen concentration sodium,

3.6 Charges in chemical compositions at the section of the specimen
(in the neighborhood of the surface exposed in sodium)
Since the grain boundary diffusion coefficient is larger than
the volume diffusion coefficient in the temperature range aroun 650
°C in the case of austenite stainless steel, the leaching and depletion
of alloy elements are expected in the grain boundary in the nieghbor-
hood of the sodium exposed surface layer. The X-ray microprobe

scanning was mode at the sections of various depths in parallel to the
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surface. Figures 13 and 14 show some of the results. The speci-
mens exposed to high and low oxygen concentration sodium had a
tendency that Ni and Cr were depleted locally and Fe increased in

the same place. This is in agreement with the resuit of the dimen-
sional analysis at the surface as shown in Photo 4. The amplitude

of such local changes and the frequency of occurrence of such changes
decrease in the inner part and almost no change occurs in the chemi-
cal composition at the depths more than 30 xm from the surface.

The X.M.A. of the specimen of which the grain boundary was
revealed by etching slightly showed that such local changes of
element concentrations occurred in the grain boundary. Figures
15 and 16 show the depletion ar;d leaching of Fe, Cr and Ni in the
neighborhood of the grain boundary in the direction of depth and the
distribution of carbon in the matrix. From these figures, it is
seen that the grain boundary depletion layer at the section in the
neighborhood of the sodium exposed surface has a width of about 30
um, Figures 15 and 16 show the changes in Fe, Ni and Cr concen-
trations, which are the mean values of the peak values (5 to 6 points )
observed at the different depths from the surface. Almost no differ-
ence was observed in carbon concentration between the grain bound-
ary and the matrix in the sectional direction but an increase presum-
ably due to carburization was observed in the neighborhood of the
surface.

The values plotted here are the X.M.A. analysis values of the

matrix area,
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3.7 Microstructure of specimens after sodium exposure

Photo 5 shows the microstructures in the longitudinal section
of the cladding tube specimen before and after exposure in sodium,
Any change in microstructure was not observed so distinct as to be
expected from the results of‘the X-ray microprobe analyses but the
grain boundary near the sodium exposed surface {photo 5, sectional
microstructure, exposed to sodium for 2,000 hrg was observed to
appear larger than that in the inner layer or in the neighborhood of
the inner surface. Compared with the results of observations of the
specimen as received, it is seen that the precipitation of carbide pre-
sumably due to temperature effects (effects of temperature main-
tained at 650 °C) occurs in the grain boundary and on the slip line
and that the longitudinal strain marking produced in the tube drawing

becomes less or disappears.

3.8 Changes of mechanical properties of sodium exposed specimens

at room temperature

In order to investigate the influence of corrosion on the mechani-
cal properties of the cladding tube, the tensile test was made at room
temperature, using 1 mm wide ring-shaped test pieces. Figure 17
shows the results with the appearance of the test pieces. The strain
in this figure is the ratio of the value of elongation and the gauge
length. The gauge length was taken with the length of the external
circumference of the test piece before testing. The stress is the
nominal one. The photograph and stress-strain curve of the speci-
men ai?ter rupture evidently show remarkable decrease of yield
stress and increase of elongation in the specimen exposed in sodium.

The mechanical properties obtained from the stress-strain curve in
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Fig. 17 were graphed in Fig. 18. This figure shows a slight
decrease in tensile strength, and large decreases in yield stress
and proportional limit, and an increase in elongation. Such
changes in mechanical properties are presumably due to the effects
of sodium exposure and temperature (the decrease of cold working
effect due to temperature maintained at 650 °c » L.e., recovery and
softening). A test to separate the effects of these two factors is
under planning.

Photos 6 and 7 show fractographs of the ruptured surface and
the microstructure of the ring tensile test specimen, respectively,
The effect of corrosion on the rupture behavior does not appear
distinctly. The upper side of the photo 6 is the sodium exposed
surface of the specimen. The photomicrographs of tensile rupture
specimens at room temperature do not show any signs of intercrystal-

line cracking.
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4. TDiscussion

In making a discussion, we will first consider the surface cor-
rosion behavior and then the internal corrosion in the grain boundary
and in the matrix and finally the influence of corrosion on the mechani-

cal properties.

4.1 Surface corrosion and decrease of tube thickness

4.1.1 Dissolution of alloying elements

Figure.19 shows the obtained reduction rates of tube wall

thickness together with the data of A. W, Thorley(g) ( straight lines ),
It is considered that the PNC data are not so much deviated from
Thorley's lines in the various oxygen concentrations. As is evident
from Figures 8 and 19 and the data of E. L, Zebroski(,‘é’) the metal
loss rate ( reduction rate of tube wall thickness ) calculated from the
overall weight change is greatly influenced by oxygen concentrations
in sodium. It is considered because the oxygen concentration in the
neighbor of the metal surface in contact with sodium determines the
dissolution rate of alloying elements from the metal surface, How-
ever, paying aitention to ona of the important constituent elements,
e.g., Ni, it is seen that the specimen exposed to the low oxygen con-
centration sodium shows a greater metal loss than that exposed to
the high oxygen concentration sodium as seen from Table 4.

The rates of loss of some elements do not necessarily depend on

the oxygen concentration in sodium, that is to say, it is considered
that the alloyil;g elements do not have the equal degrees of depend-
ence on oxygeil concentrations for their corrosion. This resembles
the resu;Itg of the exp;erim‘én‘ts of AW, Thor‘ley(,B’) et al., that the

rate of 1oss of Ni based alloy does not depend on the oxygen
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concentiration and what is stated by G, P. Wmaé%ﬂ{,?) et al., about
the oxygen concentration dependence of Ni, Cr and Fe, the main
constituents of stainless steel. As they have stated about the
dissolution of Ni from a Ni-based alloy, it may be considered that
the dissolution of Ni from Type-316 $S is not the dissolution in
the form of oxide but atomic dissolution. If the dissolution., I
the dissolution of Ni, which is one of the main elements ( Fe, Cr,
Ni) constituting Type-316 S8 cladding tube specimen should not
depend on the oxygen concentration or its dependence on the oxygen
concentration is very small, since the total amount of dissolution
obtained as the weight loss has a distinct dependence on the oxygen
concentration, the dissolution of the other elements, i.e., Fe and
Cr or either of them are presumed to have a distinct dependence on
on the oxygen concentration. The data obtained here alone are not
sufficient to experimentally prove this presumption.
4.1.2 The influence of the tube thickness decrease and the surface
roughness change on pressure drop of flowing sodium

The surface roughness of the cladding tube changes due to the
corrosion by sodium. Since the surface roughness change is pre-
sumed to affect the drag coefficient of a fluid and the pressure loss,
we tried to calculate the amount of pressure loss versus the change
of surface roughness in the M-2 loop test (1,000 hrs, 650 °c) by

Note 5)

means of Colebrook and White's formula. We substituted the

e/d value before and after the test in this formula and plotted the

Note 5): Colebrook and White's formujla,‘ 14T =~210g (—§§$+Rfjii71-
2 : draw coefficient e: surface roughness
d : equivalent diameter
Re( =-Y'—d): Reynolds number v: flow velocity

¢ coefficient of kinetic viscosity
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relation between the Re number and 1 to obtain a graph as shown
in Fig. 20. The Re number of M-2 loop becomes 1.39 x 104,
Here we used the following values in the calculation of the Re num-
ber. v=2.6m/sec, d=1.3mm, 7 =2.43 x 107/sec (650 °C).
Therefore, from the figure, 1} before and after the test becomes
0.0292 and 0.0298 and the increase of pressure 1033N0m 6) before
and after the test becomes 2%.

Next, we calculated the pressure loss by applying the surface
roughness change obtained by this test to the "JOYO" conditions,

In the case of "JOYO" conditions, Colebrook and White's formula
can be plotted as shown in Fig. 21. By making a similar calcula-
tion, the Re number (v = 5m/sec, d = 3.15mm, 2.85x 1072
m2/sec...510 °C) becomes 5.53 x 104. From Fig. 21, 1 before
and after the test becomes 0.0216 and 0.0222 and the increase of
pressure loss about 3%.

The data of surface roughness used in this calculation were
those obtained by the test on the specimen exposed to sodium for
1,000 hours, and the surface roughness is relatively small. How-
ever, when the specimen is exposed to sodium for a longer time,
the surface roughness will increase and the pressure loss will also
increase as the test proceeds, thus causing possibility that a speci-
fied flow rate of sodium cannot be obtained. In Figure 21 is plotted
the relation between the Re number and } when the surface roughness
is 5 um (a typical example for the calculation of the conceivable

surface roughness change). In this case, 1becomes 0.0252 when

Note 6): As for the value of surface roughness to be substituted
in the calculation formula, we used a three-digit value
 (mean value for three regions) for the convenience of
calculating process.
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the Re number is 5.526 x 10% and a 17% increase of pressure loss

is predicted after the test. From what has so far been discussed,
in the actual reactor there is the possibility of an insufficient pump
head in the extreme case and a decrease in the flow rate and in some
cases the overheating and melting of the fuel pins., So, it is con-
sidered necessary to make measurements of pressure loss during

test.

4.2 Internal corrosion

4.2.1 Intergranular corrosion

As shown in Figures 15 and 16, the depletion of Ni and Cr
and the leaching of Fe occur in the grain boundary at a depth less
than about 30 #m from the sodium exposed surface. Previously,
a weakening tendency of the intergranular bond has been observed
in this depletion layer. For instance, we have a case in which a
shallow intergranular cracking developed in the tensile test of
Type-316 SS at room temperature and 650 °C after exposure to
650 °C sodium(s) and a case in which a shallow intergranular
cracking was observed in the 180 ° bending test of Type-304 SS at
room temperature after exposure to 600 °c sodium(.g) As for an
other example of observation of intergranular corrosion in a longer
duration of test, there is a case in which an intergranular corro-
sion as deep as 0.18 mm was observed at a G.E. Ioop(,A) in which
the corrosion was observed in the piping at the boundary between
the temperature rising section and the temperature lowering section
after a 30,000 hrs test in sodium of 650 °C at maximum. G.E. Says

that such intergranular corrosion depended on the oxygen concentra-

tion in sodium and the stress level.
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Photo 8 shows the scanning electron micrographs ( SEM ) of
the outer surface in the neighborhood of fracture after ring tensile
test of the specimen exposed to sodium. From these scanning elec-
tron micrograrhs, no intergranular cracking was observed in the
neighborhood of fracture. Although shallow intergranular cracking
was observed locally only in the outer surface of the specimen ex-
posed to the low-oxygen concentration sodium as shown in Photo 8,
it is difficult to definitely ascribe it to corrosion by sodium. The
fracture morphology in the neighborhood of the sodium exposed sur-
face shows the ductile rupture showing dimple patterns ( Photo 6).
From the results of the present test and reference literatures (4),
(8) and (9), it is presumably due to the depletion of Ni, Cr and
leaching of Fe in grain boﬁndary that the decrease of bond of grain
boundary is so much more than that of bond of matrix as to cause
intergranular cracking in the corroded surface layer in the tensile
or bending test at room temperature. In these reference literature,
since the oxygen concentrations are relatively high, the appearance
of shallow intergranular cracking in the specimens exposed to sodium
(after tensile or bending test) suggests the possibility of decrease
of Cr in the grain boundary. In addition, from the facts that the
intergranular slip is more apt to occur in the tensile test and the
like test at high temperature than at room temperature and that the
phenomena of leaching and depletion in the grain boundary near the
sodium exposed surface will have a tendency to further decrease the
intergranular bond, it is presumed that shallow intergranular crack-
ing is apt to occur in the corroded surface layer.

The ﬁnportai;t subject about the intergranular corrosion is pro-

bably whether it is progressive or not, that is, whether the depletion
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of Ni and Cr and leaching of Fe will progress into the deeper layer
of the tube as exposure time is longer. We have a report(m}
which says that the depletion layer does not progress more than a
certain thickness. However, much more studies and experiments
will be needed to verify these considerations.

4.2.2 Shift of alloying elements in the internal matrix

Figs. 15 and 16 show the concentration distributions of car-
bon as well as Fe, Cr and Ni obtained by XMA analysis at various
depths from the sodium exposed surface. In the case of carbon,
unlike the behavior in the grain boundary of the substitution-type
elements such as Fe, Ni orCr, there is no difference in its dis-
tribution in the grain boundary and in the grain (this is presumably
because carbon is an interstitial-type element) and it was observed
increasing, an increase of carbon, that is, carburization, was ob-
served from a depth of about 30 #m.

As seen from Fig, 22, nitrogen also showed a slight increase,
although not so distinct as in the case of carbon, in the neighborhood
of the surface. The increase of nitrogen is presumably due to the
penetration of nitrogen contained in the cover gas (argon gas)
through sodium but it is unknown what route it takes to penetrate.

A further study must be made on this problem from the viewpoint of
the production of He and the decrease of high-temperature strength
due to N (n, @ ) reaction caused by the fast neutrons when used in
the reactor and of the deterioration of material properties by nitrid-
ing.

The depletion or leaching of Fe, Ni and Cr in the matrix ex-
cept the neighborhood of the grain boundary was within about 5 #m -

10 #m in the present experiments. In the experiments in the
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temper'at;_tre range below 2/3 "J?mﬂr,qc’te 7 Dg (surface diffusion co-

efficient) > Dg (grain boundary diffusion coefficient) > Dy (lattice
diffusion coefficient) and the grain boundary diffusion takes an im-
portant proportion of the entire diffusion(.u) Considering the fact
that the phenomena of depletion and leaching of these substitution-
type elements depend on the diffusion iﬁ the matrix in the neighbor-
hood of the grain boundary, the evaluation of corrded layer of grain
boundary is considered sufficient when the problem is the internal

corroded layer in the FBR cladding tube ( Type-316 SS) which is

usad at iemperatures lower than 700 °C in the actual reactor.

4.3 The influence of the corrosion in sodium on the material strength
The corroding effects in the monometallic loop are considered

to be produced chiefly by the following material and working conditions.

The factors influencing corrosion in sodium

Working condi tions §

Material corditions Impurity concentrations in sodium Corrosive effecis
Chemical composition (cuch as oxygen concentration) General corrosion seoororsersraeeseen A
Cold working Sodium velocity (Average thickness decrease)
(Lall.ice defect of dislocation Sodium temperaturc Intergranular
density, eic.) + Stress ' Pormation of COTFOSiON e B
Crystailine structure degraded layer yo .. ooini
Heat treatment Thermal flux COFTOSinn ~+reresrereses c
Surface treatment Vibration (Leaching and depletion)
(Surface roughness) Exposure time Decarburization and carburization D

Flow channel contour

With regard to the degree of influence of general corrosion on
. . . . Note 8)
the material strength of the cladding tube, simple calculations
are made to make a comparative study of the effects of oxygen concen-

trations and the following results (the reduction of material strength

Note 7): Tm is the melting point on the absolute temperature scale.
For instance, 2/3 Tm in the case of 316 SS is 1,113 °K~
1,096 °K (840 ©°C ~ 823 °C).
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Note 8): A simple evaluation of material strength reduction due to

exposure to sodium.
N . . W
(a) Rate of decrease of tensile rupture load or yield load k ==

Tensile rupture load before expos-

L 2.a
W, == (D% —D? 98 (or gy ) -rmeeee ‘
R ure to sodium (yield load)

Wy = = (D2 D?)0p (0F gy )rrrmmmemenns Tensile rupture load after exposure
¢ to sodium

(b) Short-time internal pressure rupture strength K, = 1— —g—;

2 2
p - —Di | By e Internal pressure rupture strength
° pi- before exposure to sodium
0, —
f = ek gy e Internal pressure rupture strength
DI 1%, after exposure to sodium

(c) Rate of decrease of creep rupture life K, =1— “rt

ro

b = ( < 3 s Creep rupture life before exposure
T e, to sodium
C n .
EE3at Be=are i R Creep rupture life after exposure
0o 73— to sodium
p? -p!
where p. - g3 . outside diameter before exposure to
sodium
Dy =5.6Mm ooeeer e inside diameter before exposure to
sodium
D, = 4 (6:3-0.034)ne outside diameter after exposure
i (63-0.004) nn to sodium
og = tensile rupture strength
6, = yield strength
opr = short-time internal pressure rupture strength

(maximum hoop stress)
C = 41
n=7..... creep constant

As for the values of C and n which are used here, we used the
estimated values deribed from the data obtained by the creep rupture
test (12 ppm O9) of the cladding tubes from the same lot in 650 °C
sodium,
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of the cladding tube after a year of use in sodium ). In both cases
of A and B, the calculations are made from the maximum value of

the thickness change rate as shown in Appendix 2.

Reduction of material strength after 1-year use in sodium

(in the calculations are used the maximum values in the
data of 1,000 hr test) (see Appendix 2)

A B
(a) Tensile rupture load
or yield load 0.7% decrease 8% decrease
(b) Short-time rupture
internal pressure 0.5% decrease 5% decrease
strength
(c¢) Creep rupture life 6% decrease 30% decrease

A: Low-oxygen concentration sodium exposure (cold trap

temperature 150 OC, 5 ppm Op)

B: High-oxygen concentration sodium exposure (cold trap

temperature 200 °c, 12 ppm O3 )

This is a simple evaluation which has been made without
taking into consideration the effects of the degraded layer, and
decarburization and carburization. From the above results, it
is considered necessary for the oxygen concentration in sodium
to keep below about 10 ppm O5 for a cladding tube with a thickness
of about 0.35 mm. With regard to the influence of exposure in
sodium on the actual material strength, we investigated only the
mechanical properties by the ring tensile test and the exposure
time was so short that the results shown in Figure 18 cannot be
directly corresponded to the above values of the material strength
change. The results shown in Figure 18 can be interpreted as

follows. The sodiuin exposed surface showed the decrease of
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material strength and the increase of ductility, which were con-
tradictory to the expected effects of carburization (i.,e., an in-
crease of material strength and a decrease of ductility and expected
due to this degree of carburization). This is probably because the
effect of 10% cold working decreased due to the maintenance of tem-
perature at 650 c’C, thus offsetting the effect of carburization.
From the results of the present experiment, it is impossible to
make a quantitative evaluation of the effect of corrosion and that

of the maintenance of temperature at a constant level separately.
As for this question, we have to wait for the results of experiments

to be made in the future.
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5.

Cenclusions

The following conclusions can be drawn from the results of the above

test of the domestically produced FBR fuel cladding tube in flowing sodium.

(1) Dependence of general corrosion on the oxXygen concentration in

sodium:

At 650 °C distinct differences were observed in the change of
weight, i.e., the decrease of thickness, as a result of the metal loss,
according to different concentrations of oxygen in codium (Figure 8),
The thickness decrease became larger as the oxygen concentration in-
crease. Such being the case, it is desirable to maintain the oxygen
concentration in sodium at around 10 ppm or at a higher degree of

purity when AISI Type-316 cladding tube is actually used.

(2) Intergranular corrosion:

In addition to the decrease of thickness accompanying the weight
change, a layer in which there occurred the depletion of Ni and Cr
and leaching of Fe (Figures 13 and 14) was observed extending about
30 #m inward along the grain boundary (Figures 15 and 16). Such
being the case, a further study is needed to make investigations on
the changes taking pla;e in such depletion layers with respect to
time and the effects of the formation of such layers on the mechanical
properties of the cladding tube. Since the depletion layers in the
internal matrix ave shallow as compared with those in the grain
boundary, it is necessary for the evaluation of the depletion layer

to be made on the depletion layer in the grain boundary.

(3) Production of ferrite (@ phase):

Fundamental findings have been obtained with regard to the
formation of grains of ferrite (a phase)(Photo 4, Figure12), sur-

face corrosion (Photo 3), increase of surface roughness (Figure 9),
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and changes in mechanical properties at room temperature {Figures

17 and 18 ).
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Postscript

This experimental study was made as a part of the research and
development project on the FBR fuel cladding tube to be used in sodium.
Since this is an interim report before the ultimate goal is achieved, it
is not perfectly satisfactory, However, we have carried out our ex-
periments on the cladding tube itself and some of the tests were con-
ducted under severe working conditions and therefore t he qualitative
data thus obtained for the corrosion behavior will useful in the develop-
ment of the cladding tubes for "JOYO", "MON]JU" and other reactors to
be used in the future. We would like to carry out further experiments
of longer durations at higher temperatures in an attempt to accumulate
data and improve their reliability so that such data may be useful in
designing FBR fuel assemblies and in the evaluation of their depend-

ability.
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Appendix 1 Resulis of chemical analyses of impurities in sodium
(i) Sodium analysis at high oxygen concentration
The values given here are the results of the analysis carried
by Takani and other research staff of the Analysis Laboratory of the
Sodium Technology Development Section. The 1,000 hr test was
carried out at M-2 as a part of the 2,500 hr test at the low- purity

material loop.

The values of impurities present in sodium during the 2,500 hr
operation of the low-purity material test loop

1st analysis [ Cold trap temperature 1 85T
2nd analysis ? Cold trap temperature 25 8T
Unit(ppm)
Element | 1st specimen 2nd specimen Remarks
054 039 Absorption
i <1.
Cr 0!35}<l 0.62} _photometry
066 118
~ 7
Fe 056 )< 1 1181 ’
020 024
i 1
Ni 037 <1 0327 < '
071 200
~ 2 n"
Mo 17871 224)
81. 56 }Mean 96 }Mea'l Value| Wet manometry
C 39 Value 1137105 method
5.9
108, 6.0, 90 208, 220, 267 Mercury amalgam
0 Mean V alue 242 268 metho d
86 Mean Valuwe 241
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Since the cold trap temperature was set at 200 °C in the low-
purity material loop in the 2,500 hr and 1,000 hr tests, the oxygen
concentration during the operation of the loop is obtained from the
above values by simple proportional calculation by use of interpola-
tion to be 12 ppm.

During the 2,500 hr continuous operation of the loop, the plug
temperature was being measured by means of the plug meter attached
to the loop. With cooling rate of (3 #1) °C/min at the plug meter,
the plug temperatures near the cold trap temperature at the time of

sampling were as follows (mean values of the four experimental

values).
Cold trap
temperature Plug temperature Remarks
256 226 °C Scattering of measured
. temperatures was less
172 147 °C than 3 ©C.

We are now studying the correlation between these results of

the plug meter test and the resulis of chemical analysis.

(ii) Sodium analysis at low oxygen concentration

Oxygen concentrations in sodium in medium- purity material

test loop
Cold trap temperature 150 °C
Sampling method Metallic vacuum tube method
Method analysis Mercury amalgamation method
Analytical value of oxygen 5.0, 6.8, 3.9, 6.2

(ppm) mean value 5.5
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Appendix 2 Data of weight changes of FBR fuel cladding tube

(Type-31

6 SS)

(i) M-2 loop test (high oxygen concentration, about 1,000 hrs)

Specimen A 6.34 (0.D.) x 100 mm (L) ...including welded end plugs

Ttem | Weight before |Weight change Weight Thickness Change| Thbe
Test sodium exposure! after sodium change(g) | per year symbol
section ® exposure{g) Micronfear )

T—1
1350282 Y
(~650C) 8 13483862 —001920 —i1.1 S5
T2
(~4407) 1246711 1347212 +000501 + 29 "
T3
7 :
(~390C) 1350376 1350480 +000104 -+ 08 "
T4
(~300C) 1350557 — — P
T5
134596 - _ —
(~370T) 2 "
Specimen B 6.3¢4 (O.D.) x 150 mm (L)
Item [Weight before |Weight change Weight Thickness change |Tube
Test sodium exposure | af ter sadium change (g) | per year symbol
®ction )] exposure (g) (Micronyear)
™1
786755 777910 —008845 -
(~650T) 34l S
T2
786748 787669 +000921 36
(~440C) * !
™3
7015 7309 0. .
(~390C) 78701 78 +000294 + 1.1 "
T4
786571 - - ”
(~300T)
T-5 786795 786875 | 4000083 +03 P
(~3767) ' -

Note: Specimens A and B of T-4 were pulled out about 100 hours
after the commencement of the test because the pressure loss
in the daughter loop increased so much that it became impos-
sible to maintain the rated flowing conditions and thereafter

the dummy holder was inserted.

As for specimen A of T-5,

its post-exposure weight data are omitted because it suffered
scratches when pulled out or washed.
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(ii) M-1I loop test (low oxygen conczatration, about 2,000 hrs )

Specimen A 6.3¢ (O.D.) x 100 mm(L) ...

including welded end plugs

Item [Weight before | Weight after | Weight Thidiness Exposure | Tube
Test sodium so dium change (g) change per year | time symbol | Remarks
sectia exposure (g) exposure (g) (Micronyear )
T—1
1061907 1061302 —000605 —3 o
(650T) 7 904 5—1466
T—4
1062883 1062919 +000036 .
(390T) +0.2 904 #
T-1
1061907 1060877 —001030 — 2.
(650C ) 2.8 2062 ¥
T -4
062883 062962 000079 .
(390C) 1 1 +000 +0.2 2062 ¥
Specimen B 6.3¢ (O.D.) x 150 mm(L)
Item | Weight before | Weight after Weight Thickness Exposure | Tube
Tes sodium sodium charge (g) change per vear | time symbol | Remark s
sction exposure{g) | exposure (g) (Mi cron/ear)
T—1 . ,
7.85946 7.85198 —-—0.00748 —3.0 904 | S—3718
(650T)
T -4
. 72 7.85922 +0.00050 +0.2 90 4
(390T) 7.858 8 #
T-1
85946 .84604 —0.01339 —2.4 2062 ”
(650TC) 785 784 _
T- 4
2 .85976 00104 +0.2 2062
(390C) 7.8587 7.8597 +0.00 »

Note: In considering the actual use of the corrosion behavior of the
cladding tube being limited only to the hot leg section, the im-
portance of the highest temperature test section and also the

pressure loss of the test loop itself, etc., the specimen were
inserted into T-1 and T-4 only.
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Fig.>. Schematic figure of the specimen
for surface analysis due to Xray
micronrobe,

Specimen Maunt

Plate for sdandwich

Fig.6. Specimen for Xray microprobe
" analysis of inner section.
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Metal loss [ ™9/em?)

10r
2 ppm O,
05 5"
o A T S
o 1000 2000 3000

Exposure time (hr)

Fig.7. Metal loss of Type-=-316 cladding tube
specimen in 650 C sodium.,
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Rate of metal loss (um/lyear)

02 Sodivm Evposura Tine
Data souree | Mark | Specimen (ppm) ;m”,?f,‘;'?’ (howr )
A | Zenbe | ~iz | 2.6 953
PNGC d 25 yhibe - . -
A 315 tube _
A:xm 5 6.0 S04
o aie tube 5 - . 904
&
10— 4
O
N o]
i ] ] § ! 1 1 §

Fig. 8

| l
150 200
Cold trap temperature (°c)

Metal-loss rate of Type-316 cladding tube specimen
versus cold trap temperature (in flowing sodium

at 650°C).
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Fig.11. Approximate shift (from fce to bee phase) obtained
by alloy ccmposition change after sodium exposure.
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Fig. 13 Element depletion in the neighbour of sodium
exposed surface of Type-316 stainless steel
cladding tube specimen after 1000 hours in

flowing sodium at 650°C (12 ppm 02),
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flowing sodium at 650°C ( 5 ppm 05).
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Fig.15. Element depletion in the neighbour of grain
boundary (Fe, Ni, Cr) and in the matrix (c)-
Type-316 stainless steel cladding tube specimen
after 1000 hours in flow1ng sodium at 650°C

(12 ppm 03) .
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Fig.16. Element depletion in the neighbour of grain
boundary (Fe, Ni, Cr) and in the matrix (C).
Type 316 cladding tube specimen after 2000
hours in flowing sodium at 650°C ( 5 ppm 02)
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Stress (Kg/mn?)

20¢

NS B TR0
Strain %)
Stress-strain curve due to ring tensile test

Fig. 17 Appearance of specimens after riug tensile test

and stress-strain curve.
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Fig.18. Change of mechanical prbperties due to ring

tensile test of the stainless steel cladding
tube specimen after exposure in 650°C sodium.
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Fig.20. Relation between Re andy 1 (in M-2 loop).
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Fig.21. Relation between Re and V1 (in JOYO).
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Surface after exposure for 1000 hours Surfece of welding heat-affected zone after exposure for 1000
(12ppmO,) hours{12ppm O;)

,:Sul‘fsc@" ;gf;(.er exposure for 2000 hours. (5ppm)

Photo-3. Scanning electron micrographs of Type 316 stainless steel cladding tube
specimen surface after exposure in flowing sodium at 65{}0{3.
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Fracture surface

e

Quter surface

(B) Fractograph of the specimen as
exposed in sodium, 30600X%
(1000br12 ppmOdz)

Fracture ‘surface

sodinm

Surface exposed
X

(C) Appearace of fracture surface of (D) Appesvance of fracinre sﬁzface_sf
the specimen as received, the specimen aseexposed in sodium
400x% 400x (1000hr, 12ppmOy)

Photo-6. Fractographs of Type-316 stainless steel cladding tube

specimen after ring tensile test at room temperature.
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