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HEDL-TME 76-20

EFFECT OF COMPOSITION ON THE CORROSION BEHAVIOR OF
316 STAINLESS STEEL IN FLOWING SODIUM

J. F. Bates and W. F. Brehm

ABSTRACT

Type 316 stainless steel specimens irradiated
and non-irradiated, with minor variations in C, N,
Cr, Ni, Si, and Mn content, were exposed to flowing
sodium in the Source Term Control Loop--1 facility.
Test conditions of 604°C (1120°F), a sodium veloeity
of 6.7 m/s (22 ft/sec), and an oxygen content of 0.5
and 2.5 ppm were used to ascertain the effect of
these compositional variations on the corrosion rate
and on the >“Mn release rate.

Vartations in C, N, and Mn had no significant
effect on the corrosion rate. The corrosion rate
increased somewhat as the Ni and Si content of the
steel was increased, and decreased with an increase
in Cr content. Microprobe examination showed pre-
ferential leaching of Mn, Si, Cr, and Ni to depths of
up to 10um (0.4 mil) after exposure times ranging
from 5000-8000 hours.

Variations in natural (°5Mn) content did not
aZféct release rates of “Mn [generated by
S%Fe(n,p)otmm].
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INTRODUCTION

Corrosion resistance in flowing sodium and resistance to irradiation-
induced swelling are fundamental requirements for material designed for clad-
ding and duct applications in Liquid-Metal-Cooled Fast Breeder Reactors
(LMFBRs). It has been shown that minor alloy modifications of 316 stainless
steel result in improved swelling resistance.(]’z) One purpose of this
work was to determine the effect of similar alloy modifications on the cor-

rosion behavior of 316 stainless steel.
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Another corrosion-related problem is the diffusive loss of ~ 'Mn from

54 . . . .. . .
core components. Mn is a major contributor to radiation levels in main-

(3,4)

tenance regions near LMFBR heat transport system components , and any

means of reducing this release rate would be beneficial. 54Mn arises from

54Fe in the steel and not from nonradioactive man-

<55

an (n,p) reaction with
ganese initially in the stainless steel Mn). A higher manganese content
may therefore mean that additional manganese produced by irradiation (54Mn)
would have a greater tendency to cluster or precipitate in another phase
than to remain in the matrix as soluble manganese. Also, a very low manga-
nese content may reduce the driving force for 54Mn from the cladding to the
sodium. An investigation was undertaken to determine if the initial Tevel
of manganese in a nominal 316 stainless steel base alloy could reduce this

release rate of 54Mn.

EXPERIMENTAL PROCEDURE

Several of the alloys used in swelling and mechanical properties stud-
ies were exposed to flowing sodium in the Source Term Control Loop #1
(STCL-1) at the Hanford Engineering Development Laboratory to determine the
effect of minor alloy modifications on the corrosion behavior of 316 stain-
less steel. The specimens received up to 8000 hours exposure in sodium at
604°C (1120°F).

The specimens used in this experiment were tubes, produced by center-
drilling bar stock. Approximate specimen dimensions were 13 mm long,
5.84 mm OD x 5.08 mm ID (1/2" long, 0.230" 0D, 0.200" ID). Composition of
the specimens is shown in Table 1. The specimens designated 16B, 17B, 18B,



SPECIMEN COMPOSITION, WEIGHT PER CENT

TABLE I

(A11 Others Except Iron Remained at AISI 316 Specification)

composition

transport program

Specimen No. C N Si Mn Cr Ni
1 0.003 0.007 0.4 0.92 16.95 12.01
38 0.047 0.05 0.39 0.94 17.0 12.05
5 0.128 0.111 0.43 0.97 17.0 12.10
25 0.046 0.052 <0.01 0.95 16.88 11.98
29 0.045 0.050 1.96 0.94 17.13 12.39
10 0.045 0.05 0.40 0.95 14.86 9.96
Iy 0.046 0.052 0.38 0.96 14.89 12.01
a4 0.046 0.049 0.41 0.90 18.97 12.11
168" 0.045 0.047 0.43 <0.01 16.92 12.15
178" 0.046 0.052 0.38 0.92 17.0 12.07
188" 0.047 0.054 0.38 2.04 17.17 11.91
198" 0.044 0.056 0.37 3.89 17.03 11.98
wprt b ~0.05 ~0. 02 n0.4 1.49 17.05 13.8
ugut D 0.05  n0.02 n0. 4 1.52 "16.9 13.9
316 nominal + = irradiated b = irradiated fuel cladding specimens used in radioactive mass



and 19B were included to measure the effect of nonradioactive Mn in the
steel upon corrosion and 54Mn release. These specimens were irradiated to

22 2

a fluence of mz x 10 n/cm”~ (E >0.1 MeV) prior to exposure in the loop.

These specimens were slightly smaller than the standard size specimens,
having an 0D of 5.59 mm (0.220") and an ID of 4.82 mm (0.190"). A tapered
adapter was used on the specimen holder to ensure a smooth transition along
the line of specimens. Schematic drawings of the test loop and the specimen
holder are shown in Figures 1 and 2, respectively. The test loop is a pumped,
non-isothermal facility, with equipment for continuous purification and moni-
toring of the oxygen level of the sodium by standard techniques. Details of
these techniques and of the operation of the loop are given in Reference 3.

The specimen environment was as follows:

Specimen temperature: 604°C (1120 +3°F)

Main 1ine minimum temperature: 427°C (800 %5°F)

Flow rate: 0.457 m/hr (2 gal/min)

Velocity past specimens: 6.7 to 7.6 m/sec (22 to
25 ft/sec)

Reynolds number at specimen surface: 47,500 +2500

The Reynolds number was determined from:

N =.iﬁﬂ_!_g (1)
Re n
where Rh = hydraulic radius of test section =(area/wetted perimeter),
V = Velocity of sodium,
p = density of sodium, and

n = viscosity of sodium.

Oxygen Tlevels in the sodium were controlled by changing the cold trap
temperature and were monitored continuously by electrolytic oxygen meters,
which in turn were calibrated with a standard technique(4) by exposure of
a vanadium wire to loop sodium.

The STCL-1 loop is used to determine the effect of the oxygen level
in sodium upon the release of radioactive species from irradiated 316 SS



TABLE 2
SPECIMEN EXPOSURE
STCL-1 RUN NUMBER AND OXYGEN LEVEL IN PPM

Specimen Run 2 Run 3 Run 4 Run 5a - Run 5b Run 6a, 6b Total Txposure
1000h 1000h 1000h 2000h 3000h 6000h (tot)
2.5 0.5 2.5 2.5 2.5 0.5

1 — 5000 h

| ‘ i 8000 h
5 { 5000 h
25 - 8000 h
29 8000 h
40 5000 h
4 5000 h
44 , 5000 h
16B
178 3000 h
188 }“‘ { 2.5 ppm
19B
16B*
178* 6000 h

l | 0.5

18B* i 1
19B*

*The "depleted zone" was removed and(gaa1yzed by an incremental analysis electropolishing technique from these
specimens after the first exposure. After polishing and analysis, the specimens were re-inserted in the loop.
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c]adding.(s) Consequently, the specimens were exposed at two different
oxygen levels. Oxygen levels of 2.5 ppm and 0.5 ppm were maintained for
testing, with corresponding cold trap temperatures of 154°C (310°F) and
115°C (240°F). Temperature control of the cold trap was maintained at
+1°C. Table 2 shows the exposure history of each specimen at the two dif-
ferent oxygen levels.

After exposure, specimens were removed from the loop, and adherent
sodium was removed by alcohol apd deionized water rinses, followed by
drying at 80°C (175°F) in a vacuum oven. The periodic weight changes were

measured on microbalances sensitive to 10'6 gram.

Following the last exposure, composition gradients in the specimen
material in samples 3, 29, 41 and 44 were determined by electron microprobe.
In addition, gradients of both radioactive and nonradioactive species in
the (irradiated) 16B-19B specimens were established by sequentially electro-
polishing 0.2 um layers from the specimen surface and chemically and radio-
chemically analyzing the polishing solutions from each 1ncrement.(6)

RESULTS

The weight change data are shown in Table 3. A general scan of the
data shows that, under these experimental conditions, the corrosion rates
are quite modest, and none of the alloys exhibit corrosion rates which
would prohibit their use in LMFBRs. The average corrosion rate of all
specimens (except the 16B-19B series at 0.5 ppm oxygen) was 2.54 um
(0.710 mil) per year. By comparison, the Bagnall-Jacobs corre]ation(7)
predicts a corrosion rate of 4.5 um (0.18 mil) per year at 2.5 ppm oxygen.

A similar investigation of the effect of manganese on the corrosion

rate and 54

Mn release rate from 316 stainless steel was also conducted.
The specimens used in this study were the 16B-19B series. The average
corrosion rate of the manganese series at 0.5 ppm oxygen was 1.5 um

(0.059 mil) per year, compared with a prediction of 0.9 um (0.035 mil)
(7) and 1.27 ym (0.05 mil)

per year in specimens of different heats of irradiated AISI Type 316

per year from the Bagnall-Jacobs correlation;



TABLE III
SPECIMEN WEIGHT LOSS

Weight Loss u'g/mm2 ‘ Equivalent Corrosion Rate”
Specimen No. 1000h 2000h 3000k 5000h 8000h um/yr mils/yr
1 2.88 6.09 7.99 13.1 2.92 0.115
3 2.99 6.37 8.44 13.0 18.6 | 2.59 0.102
'5 '2.%3 6.39 7.77 12.9 2.87 0.113
25 3.31 6.84 8.49 13.1 18.5 2.59 0.102
29 3.98 8.19 8.75 4.8 20.1 2.81 0.111
40 1.86 5.01 5.40 : 10.8 2.44 0.096
41 2.79 6.6 7.75 I 13.8 3.10 0.122
44 1.88 4.86 6.09 l 12.0 2.66 0.105

® Based upon weight loss at longest exposure time. Not corrected for preferential subsurface leachina
of Cr, N., Mn, Si.
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stainless steel which were exposed under these same conditions.(4) The
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weight change and “'Mn release data for the 16B-19B series are shown in

Table 3.
DISCUSSION

Carbon and Nitrogen

Simultaneous variations in carbon and nitrogen were found to have
virtually no effect on the corrosion rate. Weight change data are shown
plotted versus time in Figure 3 for specimens with the chemical variations
shown in Table 1. These data do not imply that the carbon level has no
effect on other physical and mechanical properties of the steel.

Silicon

Increasing the silicon content from 0.01 to 0.4 wt % was found to
have 1ittle effect on the corrosion rate. A further increase in the sili-
con content to 2% resulted in an increased corrosion rate, as shown in
Figure 4. An electron microprobe examination showed that silicon had been
preferentially leached from both the 0.4% and the 2% silicon specimens to
a depth of about 10 um (0.4 mils) after 8000-hours exposure, as shown
in Figure 5.

The Tocal decrease in the Si concentration of the 2% Si specimen
observed ‘between 5 and 8 um distance, as shown in Figure 5, could be caused
by the microprobe scan traversing a grain boundary; faster outward diffu-
sion of silicon would be expected in the grain boundary region. Another |
possibility is the local depletion of silicon because of the presence of
a precipitate which forms in the Si-rich alloys.

The overall thickness of the Si-depleted zone (about 10 um or 0.4 mils)
is in good agreement with depleted zone thicknesses of other substitutional
alloying elements (e.g., Cr, Ni, Mn) observed in other specimens exposed

to sodium for comparable times and temperatures(4).

The overall effect of the Si addition is thus seen to be minimal under
these test conditions. However, it must be remembered that "depleted

10
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zones" of up to 50 um (2 mils) thick in other substitutional alloys have
been observed after 10,000 hours exposure at 700°C (1292°F)ﬂ8) Thus the
swelling resistance through the cross section of an alloy may be altered as
a result of preferential chemical corrosion.

Nickel

The results shown in Table 2 and plotted in Figure 6 reflect a Tower
corrosion rate in a specimen with nickel content Towered from 12% to 10%.
Nickel is thought to be released by an atomic dissolution process, inde-
pendent of oxygen activity. Hence, increasing the nickel content increases
the driving force for dissolution of nickel at the metal surface. Electron
microprobe analysis showed that nickel was indeed preferentially removed
at the surface. This result is in general agreement with previous ob-
servations that nickel is preferentially removed from stainless steel by
sodium and that some high-nickel alloys show higher corrosion rates than

iron base alloys in sodium.(8’9)

The observed weight loss differences (about 25%) at the two nickel
concentrations are not in agreement with observed corrosion rate differ-
ences between 304 stainless steel (8-12% Ni) and 316 stainless steel
(10-14% Ni).(]o) In fact, Baque et a].(10) report that 304L and 316
stainless steels containing 10% Ni corroded much more than 316L and 316 Ti
steels containing 12% Ni. However, there are other gross compositional
differences between 304, 316 and 321 stainless steels, whereas the alloys
used in this study represent a variation of nickel and iron only. There-
fore, at a constant molybedenum content (~2.3 w/0), lowering the nickel
content did have the effect of reducing the corrosion.

Chromium

The corrosion rate of 316 stainless steel was unaffected by changing
the chromium content from 15 to 17%. However, a decrease in corrosion
rate was observed upon further increasing the chromium content to 19%,
as shown in Figure 7. Microprobe examination of the specimens showed a
significantly smaller "depleted zone" in the 19% Cr specimen than in the
other alloys, as shown in Figure 8. The smaller depleted zone indicates

13
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a much smaller effective diffusion coefficient for Cr in the 19% Cr alloy -
since the surface concentrations were roughly equivalent. The smaller dif-
fusion release of Cr from the 19% Cr alloy can account for the difference
in weight loss. It is not apparent that a surface reaction could cause the
effective diffusion coefficient for Cr to differ so widely in the 19% Cr
alloy from that for the 17% Cr alloys. The surface concentration of Cr is
similar for all alloys.

Manganese

No significant differences in corrosion rate as a function of Mn con-
tent were observed, as shown in Figure 9, for the specimens exposed at
0.5 ppm oxygen content. In addition, the 54Mn diffusive release was not
(55Mn) content of the alloys. The
overall weight Toss of the irradiated specimens was slightly less than that
of the unirradiated material. Figure 9 shows the normalized 54Mn diffusion
profiles in the 16B-19B series. It can be seen that the diffusion profiles
did not differ significantly from each other or from the "D" and "B" speci-

changed by the variation in the natural

mens (irradiated 316 SS) which are shown for comparison.
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TABLE TV
EFFECT OF VARIATIONS IN Mn CONTENT UPON 54Mn RELEASE AND SPECIMEN WEIGHT LOSS

54Mn Release, :
Percent of Total Specimen Activity Weight Loss, ng/mm2 Equivalent Corrosion Rate

Oxygen

Content Specimen

of Na Number 3000 Hours 6000 Hours 3000 Hours 6000 Hours wm/yr mils/yr
2.5 ppm 168 0.70 5.0 1.82 0.072
2.5 ppm 178 0.70 5.9 2.16 0.085
2.5 ppm 18B 0.78 6.1 2.23 0.088
2.5 ppm 198 0.75 7.0 2.54 0.10
0.5 ppm 168 0.81 (estimated) 4.3 - 1.58 0.062
0.5 ppm 178 0.93 4.1 7.5 1.38 0.054
0.5 ppm 188 1.15 4.4 8.4 1.52 0.060
0.5 ppm 198 0.84 4.2 8.2 1.49 0.059
0.5 ppm “B" 1.19 9.1 1.68 0.066
0.5 ppm "p 0.96 8.1 1.50 0.059



CONCLUSION

The results shown above represent variations of less than 30% in the
observed corrosion rates evaluated over 5000 to 8000 hours exposure with
several intermediate examinations. It is not surprising that small varia-
tions in alloying elements can produce changes in corrosion rates, since
significant changes in swelling resistance and mechanical properties be-
havior are caused by these same small alloy variations. None of the alloys
tested, however, had corrosion rates high enough to cause concern over their
use in a fast reactor core.
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