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ABSTRACT

To determine the degree of corrosion or other degradation
that Type 18-18-2 stainless steel (Cr-Ni-Si) would experience in
a sodium environment, 18 coupons were immersed in 1200°F
static sodium for periods up to 5060 hr. In addition, 12 Type 304
stainless steel tabs were simultaneously exposed for comparison.
The average oxygen impurity in the sodium was about 30 ppm.
The results of these preliminary tests show that Type 18-18-2
stainless steel is sufficiently corrosion-resistant in 1200°F

sodium to warrant more thorough evaluation.
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I. INTRODUCTION

Materials for use in sodium-heated, single-wall LMFBR steam generators
will be subjected to stringent corrosive service environments. The material
must be resistant to attack by liquid sodium as well as corrosion-resistant to
water/steam. In addition, it must be strong enough to preclude leakage of water/
steam into the sodium side for the entire design life (~30 yr) of the steam gen-
erator. Although ferritic steels (e.g., 2-1/4 Cr - 1 Mo) are stress corrosion-
resistant to an aqueous/steam environment, their application in advanced sodium-
heated steam generators is limited because of: (1) their low long-term mechani-
cal properties at elevated temperatures (>1100°F), and (2) the potentially signi-
ficant problem of decarburization and subsequent carburization of austenitic
stainless steel in a sodium-cooled reactor system. While austenitic stainless
steels exhibit adequate high-temperature strength and apparently experience no
excessive mass transfer problem in sodium, they are not suitable for stea
generator applications because of their high susceptibility to stress-corrosi
cracking when exposed to an aqueous/steam environment containing minute —
amounts of chloride. Hence, there is an urgent need for new alloys that possess
high-temperature strength, are compatible with liquid sodium, and are resistant |

to stress-corrosion cracking in an aqueous/steam environment.

Type 18-18-2 stainless steel (18 Cr - 18 Ni - 2 Si) is reported to display
a remarkable resistance to stress-corrosion cracking and corrosion when

(1)

exposed in an aqueous/ steam environment. Tests also are reported to have
shown that this high resistance to stress-corrosion cracking is attributed to the
presence of an adequate amount of silicon in the steel, which increases the
stability of the passive state of the alloy.(l’z) The higher nickel concentration
(18 wt %) contributes only slightly to the stress-corrosion resistance of the
steel.’3) In addition, Type 18-18-2 SS is reported to exhibit good weldability
and to possess equivalent thermal properties when compared to other austenitic

(1)

stainless steels. This equivalence in thermal properties would be an added
advantage due to the reduction in thermal stresses in the secondary reactor
system. Therefore, an alloy with this high resistance to water/steam corrosion,
coupled with high mechanical properties, would be attractive for steam generator

applications. However, for service in a sodium-heated steam generator system,

LMEC-69-11
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the material must also be resistant to attack by sodium. To evaluate the degree
of degradation Type 18-18-2 SS would experience in a sodium environment, pre-
liminary corrosion tests were conducted in 1200°F static sodium for periods

up to 5060 hr. In addition, twelve Type 304 SS tabs were simultaneously exposed

for comparison purposes.

LMEC-69-11
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A, TEST MATERIALS

[l. EXPERIMENT

The Type 18-18-2 SS test material (in sheet form, 0.1 in. thick) was pro-

duced by U. S. Steel Corporation.
for Type 304 SS are displayed in Table 1.

The compositions for Type 18-18-2 SS and
The annealed and pickled Type 18-

18-2 SS had a grain size of ASTM No. 3, and the annealed Type 304 SS had a

(4)

grain size of ASTM No.8.'”’ Typical microstructures of Type 18-18-2 SS and

Type 304 SS before testing are shown in Figure 1 (a and b, respectively).

TABLE 1

CHEMICAL COMPOSITIONS OF TYPE 18-18-2 SS AND

TYPE 304 SS

Type 18-18-2 SS Type 304 SS
(wt %) (wt %)
Fhement VZ;iii;ZE’ison Mill Report Mill Report
Cr 20.71 18.30% 18.50
Ni 17.91 17.90% 10.70
Si 1.81 1.92%* 0.61
Mn 1.47 1.51% 0.53
C - 0.06 10.05
N - - 0.03
P - 0.007 0.008
S - 0.009 0.005
Mo - - 0.07
Al - - 0.005
Fe Balance Balance Balance

*Obtained from A, W. Loginow, U.S. Steel Corp., Monroeville,

Pa. for Heat No.

B. TESTING

2P1227,

After being sectioned into nominal size (1/2 in. by 1 in. by 0.1 in.), sam-

ples were measured individually for their dimensions and weight. Eighteen

as-received Type 18-18-2 SS coupons were then immersed in 1200°F static

LMEC-69-11
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(a) AS-RECEIVED TYPE 18-18-2SS

(b) AS-RECEIVED TYPE 304 SS

7693-4709

Figure 1. Microstructures of As-Received Type 18-18-2 SS and Type 304 SS
(Etched with Marble's Reagent) @
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sodium (+5°F maximum) for exposures of 400, 1000, 3400, and 5060 hr. It
should be noted, however, that the exposure time was not continuously isothermal
at 1200°F for 400, 1000 hr, etc. Rather, they were the accumulative exposure
times at 1200°F, since the sodium system had to be shut down about every 200 hr
of operation for sample loading or unloading in conjunction with other experi-

ments.

Twelve Type 304 SS tabs (1 in. by Il in. by 0.03 in.) were also simultaneously
exposed for comparison purposes. During test, average oxygen impurity in the

sodium system was about 30 ppm.

After the samples were exposed for the required time in 1200°F sodium,
the specimens were removed from the system and rinsed. Post-test dimensional
and weight changes were recorded for each sample. Post-exposure examinations
of the samples included electron microprobe analysis, metallography, and x-ray

diffraction analysis.

LMEC-69-11
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lIl. RESULTS

A, WEIGHT-GAIN STUDIES

Results of the corrosion test of Type 18-18-2 SS and Type 304 SSin 1200°F
sodium (O2 ~30 ppm) are shown in Table 2. Based on the weight-gain corrosion
data developed, the corrosion rate of Type 18-18-2 SS was logarithmic up to
3400 hr of exposure in 1200°F sodium, as shown in Figure 2. The weight gain
for 5060-hr samples, however, was significantly reduced when compared to
that exposed to 3400-hr samples. As also shown in Figure 2, the corrosion

rate of Type 18-18-2 SS is slightly higher than that of Type 304 SS.

TABLE 2

CORROSION RESULTS OF TYPE 18-18-2 SS AND TYPE 304 SS
IN 1200°F SODIUM
(O, ~30 ppm)

Type 18-18-2 SS* Type 304 SS™
Exp.osure Weight Reaction| Post- |[Weight Reaction| Post-
Time : 2 ; 2
(hr) Gain |mg/cm™~| Layer Test Gain |mg/cm | Layer Test
(mg) (M) Hardness|| (mg) (M) Hardness
400 23.40 2.79 18 Ra49 36.70 2.87 0 Ra56
(R 79) (R, 91)
1000 31.20 3.71 27 Ra53 43.80 3.42 - Ra70
(R_b86) (RC39)
3400 45.50 5.61 45 Ra52 51.20 4.00 30 R_65
(R 84) (R2’29)
5060 30.90 3.64 45 Ra51 63.00 4.92 55 Ra64
(Rb83) (RC27)

*An average value of at least three samples. Hardness of Type 18-18-2 SS
before corrosion test = Ry44 (Ryp,70). Hardness of Type 304 SS before corrosion
test = R350 (Rp81)

B. METALLOGRAPHIC STUDIES

Metallographic examination on the exposed Type 18-18-2 SS samples revealed
a reaction zone (or depletion zone), as shown in Figure 3. The width of the reaction

zone increased with exposure time, as displayed in Figure 4. Photomicrographs

LMEC-69-11
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Figure 3. Microstructures of Type 18-18-2 SS Exposed to 1200°F Sodium
(O ~30 ppm) for Various Durations (Etched with Marble's Reagent)
(Sheet 1 of 2)
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Figure 3. Microstructures of Type 18-18-2 SS Exposed to 1200°F Sodium
(Op ~30 ppm) for Various Durations (Etched with Marble's Reagent)
(Sheet 2 of 2)
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of Type 18-18-2 SS samples (Figure 3) also showed a second zone next to the
first depletion zone, where the grain boundaries were diffused, and carbide
precipitates were relatively absent. In addition, the grains in the zone exhibited
a lighter contrast when compared to the microstructures in the unaffected matrix
(see Figure 3d). It is noteworthy that the width of this second zone increased
with time up to 3400 hr. But the 5060-hr samples exhibited a narrower second
zone when compared to that found in 3400-hr samples. Also shown in Figure 3
is a small amount of discontinuous carbide precipitation in grain boundaries,
twin boundaries, and in the grain matrix. A second-phase material was found

in the depletion zone. Some oxides were also found in the inner junction of the
depletion zone. Post-test hardness of all Type 18-18-2 SS samples was found

to be slightly increased (from R_b70 to Rb82).

C. ELECTRON MICROPROBE STUDIES

Electron microprobe area scans and line profiles of a 5060-hr sample are
shown in Figures 5 and 6, respectively. The results revealed two principal
reaction layers — a chromium-rich outer layer, and an iron/nickel-rich, chro-
mium depleted layer. The silicon content in the reaction zone was depleted.
The silicon depletion was logarithmic with time up to 5060 hr, as shown in
Table 2 and Figure 7. For the 5060-hr sample, the silicon appeared to be
completely depleted in a reaction zone 0.002 in. deep, as shown in Figure 6.

Manganese was also depleted from this zone.

D. X-RAY DIFFRACTION ANALYSIS

X-ray diffraction analysis of the surface film on Type 18-18-2 SS exposed
to 1200°F sodium for 5060 hr revealed a green layer of amorphous film with

some crystalline NaMO, oxide, where M is predominantly chromium with lesser

2
amounts of Fe and Ni, With the surface oxide layer removed, x-ray diffraction
of the surfaces of the 3400-hr and 5060-hr samples revealed ferrite in the sec-
ond layer of the reaction zone. X-ray scan on the matrix revealed only trace

amounts of M23C6 carbide precipitates. No sigma phase was found.

E. TESTS ON TYPE 304 SS CONTROL SAMPLES

Metallographic examination of Type 304 SS samples also revealed a surface

sodium chromite oxide layer (as identified by x-ray diffraction) which increased

LMEC-69-11
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Figure 5. Electron Microprobe Area Scans of Type 18-18-2 SS Exposed to
1200°F Sodium (Op ~30 ppm) for 5060 hr (11-1/4 p/large division)
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Figure 6. Electron Microprobe Line Profiles of Type 18-18-2 SS Exposed to
1200°F Sodium (O ~30 ppm) for 5060 hr (11-1/4 p/large division)
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with exposure time. Normal carbide precipitation on grain boundaries and twin
boundaries were observed. However, it should be noted that the oxide layer,
found adherent to the matrix, appeared to have penetrated into the sample matrix
along grain boundaries (Figure 8). This ingress of sodium chromite into the
sample can be seen in the electron microprobe specimen current image photos
(Figure 9a and b). KElectron microprobe data also indicated that the outer sur-
face oxide layer was high in Cr and followed by a thin layer of high Fe/Ni, Cr-
depleted ferrite layer, as shown in Figure 10a, b, and d. The post-test hard-

ness of all specimens was increased significantly (from R.b81 to RC31).
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21




(a) 400 hr
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Figure 8, Microstructure of Type 304 SS Exposed to 1200°F Sodium
(O2 ~30 ppm) for Various Durations (Etched with Marble's Reagent)
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Figure 9. Electron Microprobe Area Scans of Type 304 SS Exposed to
1200°F Sodium (O2 ~30 ppm) for 5060 hr (11-1/4 pu/large division)
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Figure 10. Electron Microprobe Line Profiles of Type 304 SS Exposed to
1200°F Sodium (Op ~30 ppm) for 5060 hr (11-1/4 pu/large division)
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IV. DISCUSSION

A, CORROSION OF TYPE 18-18-2 SS

Based on the weight gain corrosion data shown in Figure 11, the corrosion
rate of Type 18-18-2 SS was logarithmic up to 3400 hr of exposure in 1200°F
sodium(O, ~30ppm). The weight gain for 5060-hr samples, however, was
significantly reduced when compared to that exposed to 3400-hr samples. The
reduction in weight gain beyond 3400 hr was caused by the breakdown of non-
adherent surface oxide film at the outer surface of the reaction zone. Electron

microprobe and metallographic results further substantiated this exfoliation of

surface oxide film on Type 18-18-2 SS samples. The breakaway of surface oxide
film was attributed to the presence of silicon in the alloy. Similar breakdown of
surface oxide film due to the presence of silicon was also reported in other
silicon alloys.(5’6’7) The development of nonadherent surface oxide film could
be further enhanced by the thermal cycling mode of operation adopted for the
sodium system (70 to 1200°F and 1200 to 70°F) because of the thermal stresses

generated in the surface oxide layer.

It is noteworthy that the adherency of surface oxide film on Type 304 SS
samples was good, and it was not adversely affected by thermal cycling, at
least up to 5060 hr of exposure. The surface oxide film found on Type 18-18-2
SS and Type 304 SS was formed by oxygen impurity in sodium. While the pres-
ence of oxide in the reaction zone of Type 18-18-2 SS increased the post-test
hardness in the depletion zone, hardness increase in the matrix was attributed

to precipitation hardening caused by thermal aging.

Comparison of the corrosion rates of Type 18-18-2 SS and Type 304 SS in
1200°F sodium indicated that Type 18-18-2 SS exhibited a higher corrosion rate.
More specifically, the corrosion rates of Type 18-18-2 SS and Type 304 SS are
7.2 mg/cmz/yr (~1.2 mil/yr), and 5.2 ‘mg/cmz/yr (~1 mil/yr), respectively,
based on the extrapolated corrosion data (Figure 11). The higher corrosion
rate of Type 18-18-2 SS was attributed to the formation of nonadherent surface
oxide scale and the wider ferrite layer in the depletion zone. Loss of this
protective film could accelerate corrosibn due to the exposure of new surfaces
for attack.(7) In addition, the higher diffusion rate in the ferrite lattice could

have further enhanced the corrosion rate of Type 18-18-2 SS.
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B. MICROSTRUCTURAL CHANGES

Formation of a ferrite layer in a static sodium environment appeared to be
an '"anomalous' corrosion behavior. The development of a ferrite layer on the
surface of austenitic stainless steel samples is usually associated with selec-
tive leaching of Cr and Ni in a dynamic sodium system, where thermal-gradient
and concentration-gradient mass-transfer conditions are operative. However,
in this experiment, the samples were immersed in an "isothermal static' system
with periodic replenishment of sodium (where mass transfer could take place by
a dissolution process due to the presence of a concentration gradient). The .
sodium environment acted as a constant sink for chromium, nickel, silicon, and
manganese. In addition, the formation of NaCrO2 at the sample surfaces de-
pleted chromium in the vicinity close to the oxide layer, as found by electron
microprobe analysis (Figure 5b). Therefore, it can be concluded that the selec-
tive depletion of chromium and/or nickel and the formation of NaCrO2 led to an

o-iron-rich region in the depletion zone.

It is interesting to note that some oxides were also found in the inner junc-
tion of the reaction zone, as shown in Figures 3 and 5. Electron microprobe
results confirmed a high-chromiﬁm layer at the inner junction between the
reaction zone and the metal matrix (Figure 5b). These observations suggest
that the high-oxygen sodium might have migrated into the inner surface of the
depletion zone, thus forming oxide at the junction. ''Intergranular penetration"
of high oxygen sodium into sample matrix was also observed in Type 304 SS
samples, as shown in Figure 8c and d where the grain morphology was drastically
changed. This grain boundary oxide formation, coupled with normal carbide
precipitation, contributed to a significant increase in the post-test hardness
values of all exposed Type 304 SS specimens (see Table 2). This ingress of
sodium along grain boundaries was not generally found in austenitic stainless
steels exposed to high-purity 1200°F static sodium (~10 ppm OZ) for 4000 hr.(8)
Inpurities in sodium (metallic and nonmetallic, e.g., OZ’ C, etc.) could con-

ceivably have caused the ingress of sodium along grainboundaries where crystal

imperfections are high.

C. SILICON DEPLETION PROCESS

The kinetics of silicon depletion of Type 18-18-2 SS in 1200°F sodium is

logarithmic, as displayed in Figure 12. The silicon depletion process is
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attributed to the dissolution of silicon in liquid sodium. This silicon depletion
in a static liquid-sodium environment is further substantiated by the experi-

(9,10)

mental data obtained by Agapova, et al., and by Jansen. However, itis

interesting to note that the oxidation rate constant for silicon is also logarithmic
(7)

at high temperatures. It appears, therefore, that the depletion rate could be

controlled by the diffusion of silicon across the thin amorphous silica (oxide)

(7)

layer. This hypothesis suggests that the oxidation of silicon (reaction with
the oxygen impurity in sodium), with the subsequent formation of a thin amor-
phous silica film, could contribute to the silicon depletion process. Further

studies are required to thoroughly define this phenomenon.

Based on the extrapolated data in Figure 12, the rate of silicon depletion is
acceptable — approximately 0.005 in. for 10 yr. However, the silicon depletion
(9) Therefore, the
) would be high

is reported to increase with oxygen concentration in sodium.
silicon depletion rate obtained in this experiment (~30 ppm O2
when compared to that expected in a normal LMFBR sodium environment

(O2 ~15 ppm).

D. EFFECT OF SILICON DEPLETION

As shown in Figure 13, adding silicon to alloys produces a dual effect on
the intergranular corrosion susceptibility of austenitic Fe-Cr-Ni alloys.(z)
Characteristically, at low concentrations (0.3 to 1.5%), silicon acts to promote
intergranular corrosion susceptibility, while at high concentrations, silicon
acts to prevent such susceptibility.' Based on corrosion tests in nitric acid,
and electrochemical measurements in boiling nitric acid-dichromate solutions,

(11)

Desestret concluded that silicon accelerates the anodic dissolution of the

grain boundaries but simultaneously forms a passivating film similar to that

(12) This film would act to inhibit the cathodic process and

reported by Rhodin.
thus the anodic process, hence, reducing the entire corrosion process. Be-
cause of the dual effect of silicon on the intergranular corrosion resistance of
Fe-Cr-Ni-Si alloys, the silicon depletion in Type 18-18-2 SS may have a signi-
ficant deleterious effect on its stress-corrosion resistance. Consequently,
actual stress-corrosion tests are highly warranted in order to quantitatively
determine the effect of silicon depletion on the overall stress-corrosion resis-

tance of Type 18-18-2 SS.
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V. CONCLUSIONS

Initial corrosion studies of Type 18-18-2 SS in 1200°F static sodium (OZ

~30 ppm) revealed the following:

1)

2)

Type 18-18-2 SS exhibited acceptable corrosion resistance in sodium
even though it experienced a slightly higher corrosion rate than that

of Type 304 SS.

The corrosion rate of Type 18-18-2 SS was logarithmic up to 3400 hr
in sodium. But observable exfoliation of surface oxide (NaCrOZ) film

occurred in samples exposed to sodium beyond 3400 hr.

Silicon depletion in Type 18-18-2 SS was of limited depth after 5060 hr
in 1200°F sodium, and it increased logarithmically with time. In
addition, chromium and manganese were depleted in the surface
depletion zone. This surface compositional change resulted in the

formation of a ferrite layer beneath the surface oxide film.

In summary, the exposure of Type 18-18-2 SSto 1200°F sodium produced

two divergent observations relative to its performance in sodium. The indicated

rate of silicon depletion and other compositional changes suggest that no detri-

mental changes would be anticipated over the time spans being considered for

LMFBR applications. However, the indication of early breakaway of non-

adherent surface films introduces a limitation that could disqualify Type 18-18-

2 SS for sodium service.
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VI. RECOMMENDATIONS

Based on the results of these corrosion tests, Type 18-18-2 SS shows suf-

ficient promise to warrant further evaluation. It is recommended that additional

testing, under controlled conditions, be performed:

1)

To determine the long-term (beyond 5060 hr) corrosion behavior of
the alloy in a liquid sodium environment. Since breakaway of a
nonadherent surface oxide layer may accelerate corrosion by expos-
ing new surfaces for attack, long-term tests will determine the effect
of this nonprotective film on overall corrosion behavior in liquid

sodium.

To study the corrosion behavior of Type 18-18-2 SS at other liguid
sodium temperatures within the interest of the LMFBR Program.

Such information would provide an understanding of the mechanism
controlling the corrosion behavior of Type 18-18-2 SS and indicate

temperature limitations, if any.

To determine the effect of sodium impurities (metallic and nonmetallic)
on the corrosion resistance (including mass transfer) of Type 18-18-2

SS.

To assess corrosion product formation and adherence in a dynamic

sodium system under simulated LMFBR thermal cycling conditions.

To conduct stress-corrosion experiments to determine the effect of

silicon depletion on the stress-corrosion resistance of Type 18-18-2

SS.
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