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ABSTRACT

The corrosion of type 316 stainless steel and Sandvik HT9 by static
Pb-17 at. % Li between 300 and 500°C was studied. The resulting weight
losses were significantly greater than those of these steels in lithium.
The corrosive attack was very uniform, and the room-temperature tensile
properties of the steels were unaffected by the exposure. The application
of molten Pb—17 at. % Li as a tritium-breeding fluid in conjuction with
ferrous alloys in a fusion reactor may be limited to 400°C or below.

INTRODUCTION

Fusion reactors using the deuterium-tritium fuel cycle require tri-
tium breeding, which can be accomplished by reacting lithium isotopes with
neutrons generated in the fusion process. Heavy elements such as lead can
also be incorporated to act as neutron multipliers; thus, low-melting
lead-lithium alloys are potential tritium breeding materials for fusion
reactors* in addition to their possible use as coolants. Furthermore,
under certain accident conditions, these alloys would be less reactive
with air or water than molten lithium alone. A specific alloy,
Pb—17 at. % Li, has been proposed^ for use in a fusion reactor as a com-
birad coolant and tritium breeder.

As with many other applications of liquid matals, the compatibility
of structural alloys with lead-lithium is of concern with respect to
possible dissolution, grain boundary penetration, embrittlemcnt, and mass
transfer. Although the corrosion behavior of steels exposed independently
to both molten lithium and lead has been studied, very little work lias
been done on the corrosive effects of lead-]ithiurn alloys, particularly
for the low-melting eutectic composition of Pb—17 at. X Li. We therefore
began to study the corrosion of ferrous alloys by Chi s molten alloy and to
compare the results with those for elemental lithium, which is the other
major candidate for the tritium-breeding fluid and/or re.Tctor coolant.

^Research sponsored by the Office of Fusion Energy, U.S. Department
of Energy, under contract W-7405-eng-26 with Union Carbide Corporation.
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This paper presents preliminary results on the the compatibility of type

316 stainless steel and Sandvik HT9* with static Pb—17 at. % Li under

isothermal conditions.

EXPERIMENTAL PROCEDURES

Tensile specimens of fully annealed type 316 stainless steel and nor-
malized and tempered HT9 (see Table 1) were exposed in capsules of the
same composition and heat treatment to the molten lead-lithium alloy or
argon. Capsules were filled and welded shut in a vacuum glove box back-
filled with pure argon. The typical experimental configuration is shown
in Fig. 1. The two specimens in each capsule were attached to the capsule
end cap witn tvpe 316 stainless steel or Fe—9 vt X Cr—1 wt % Mo wire to
prevent them from floating in the Pb-Li during exposure. The capsules
were placed (upside down with respect to Fig. 1) in tube furnaces at 300
to 900°C (±10°C) for various exposre tines. Since the melting point of
pure lead (327°C) was above that of our lowest exposure temperature, the
300°C capsules were first heated to 400°C for 1 h to form the liquid
Pb-I7 at. % Li alloy (with a melting poirt of 21,S°C,) and then cooled to
300°C. The specimens exposed to the Pb-Li were cleaned after exposure by
immersion in liquid mercury and/or pure lithium and rinsed witli water.
The use of lithium for this purpose was more efficient; than the use of
mercury and did not affect the specimens at temperatures near the melting
point of lithium. The cleaning procedure was repeated until specimen
weights became constant, indicating that most of the residual lead had
beon removed. The lead was as-received high-purity (99.99%) metal, and
the lithiun was previously purified by cold trapping and gettering.

The effects of corrosion were characterized by measurement of changes
in specimen weight and tensile properties, by optical metallography of
polished cross sections, .and by scanning electron microscopy. Although
l«_ad can cause embri tt lenient as a result of surf ace—act ive processes, the
present method of tensile testing specimens at room temperature after
exposure would not necessarily reveal such tendencies, but rather is a way
to assess the effect of corrosion on the bulk properties of the stainless
steel. A similar procedure has revealed the effect of lithium-induced
drcarburization of 2 1/4 Cr-1 Mo steel. ̂

RESULTS

Specimen weight change measurements (listed in Table 2) show that
type 316 stainless steel suffered significant weight losses when exposed
to Pb—17 at. % Li. In general, the total specimen weight loss increased
with increasing exposure time and temperature. Despite the large weight
losses of certain specimens, we found nc measurable effect of corrosion on
the bulk properties of the stainless steel since no significant changes in
tensile properties (relative to the argon exposures) were observed (see
Table 3). The differences between the tensile data for the specimens
exposed to Pb—17 at. X Li and to argon were minimal and, in most cases,
fell within the scatter due to experimental uncertainty.

*Proiiuct of Sandvik Inc., Fair Lawn, N.J.



Metallographlc examination of polished cross sections revealed very
little attack of type 316 stainless steel by Pb—17 at. % Li below 500°C
and only moderate attack after 3000 and 5000 h at 500°C (see Figs. 2—5).
Also, no significant difference is seen in the metallographic appearance
of stressed (gage section) and unstressed (shoulder section) surfaces
after exposure to the Pb-Li alloy. Scanning electron micrographs of
selected surfaces confirmed that corrosive attack did not occur below
500°C (see Fig. 6). Neither optical nor scanning electron microscopy gave
any indication of grain boundary penetration of the type 316 stainless
steel. Energy-dispersive x-ray analysis of the surfaces shown in Fig. 6
indicated negligible changes in the surface compositions of specimens
exposed to Pb—17 at. % Li relative to argon-exposed and unexposed material
(see Table 4).

Weight change results of Sandvik HT9 exposed to Pb—17 at. % Li are
compared in Table 2 with data for type 316 stainless steel exposed under
similar conditions. Although the weight loss rate of type 316 stainless
steel was greater than that of HT9 at 500°C, the relationship was reversed
at 300 and 400°C. No effect of prior Pb—17 at. Z Li exposure on the room-
temperature tensile properties of HT9 was observed.

DISCUSSION

The weight losses reported in Table 2 for type 316 stainless steel
and HT9 exposed to Pb—17 at. X Li are relatively large, especially when
these weight losses are compared with those measured after exposure to
pure lithium (see Fig. 7). Such behavior should be expected; reported
corrosion rates for alloys exposed to purr lend are much greater than com-
parable rates in pure lithium.^ Thus, the corrosion rates of ferrous
alloys in Pb—17 at. % Li apparently tend to be similar to those in pure
lead, although similar data for lead are not available.

The corrosion rate, R, of an alloy in a liquid metal can be expressed
as

R = ZRi , (1)

where R^ is the dissolution (or deposition) rate of element t:

H = ki[C0(t:) - C(i)] , (2)

where
k{ = rate constant for dissolution (deposition),

Ce(i) = solubility of i in the liquid metal, and
C(i) = actual concentration of £ in the liquid metal.

In a static isothermal test the dissolution rate would be expected to
decrease with time as C(i) increases, and eventually /?£ = 0. In fact, a
tendency toward this behavior can be seen for type 316 stainless steel
exposed to Pb-i7 at. I hi at 500°C (see Table 2 and Fig. 7).

Studies of corrosion by pure load'J~~'' indicated that the corrosion
rate of an alloy increased with increasing nickel content unless a
resistant intermetallic compound was formed.'' Ferritic steels were more



corrosion-resistant than austenitic alloys.5"7 This trend was observed in
the present study for the 500°C exposures: the weight loss of HT9
(0.5 wt % Ni) was significantly less than that for type 316 stainless
steel. However, at 300 and 400°C the weight losses of type 316 stainless
steel were less than those of HT9. The reason for this deviation f•on>
expected behavior at the lower temperatures cannot yet be explainer. We
are investigating this behavior in more detail in additional experiments.

The relatively sn.-dl amount of attack of type 316 stainless steel by
Pb—17 at. % Li and the absence of grain boundary penetration and decar-
burization (see Figs. 2—6) are consistent with the post-test tensile
properties, which were essentially unaffected by exposure to the liquid
metal alloy. Furthermore, substitutional elements were not significantly
leached from the type 316 stainless steel (see Table A). This is in
contrast to the behavior of this steel in flowing lithium, in which nickel
and, to a lesser extent, chromium are preferentially dissolved from the
alloy-."1 The absence of preferential dissolution in Pb—17 at. 7, Li may be
due to a different dominant dissolution process or to the lack of a suf-
ficient amount of time for substantial leaching to occur. Additionally,
the porous surface region typical of type 316 stainless steel exposed to
lithium^ was not observed in Pb—17 at. % Li exposures. Again, we do not
know whether such features may develop after longer exposure times.

Although our results are preliminary and relevant only to isothermal
conditions, at comparable ter.peratures Pb—17 at. % Li is much more corro-
sive toward ferrous alloys than is pure lithium. The weight losses of HT9
and type 316 stainless steel reported above are significant and can be
expected to he much larger in flowing Pb—17 at. % Li systems typical of
semistagnant breeding fluids and reactor coolants. Thus, the use of this
lead-lithium alloy will probably limit the allowed service temperatures to
below those for lithium. Techniques to inhibit corrosion nay bo
necessary, possibly by elemental metal additions to the lead-1ithiun. For
example, the presence of 500 wt ppm Ti in lead effectively reduced the
corrosion rate of ferritic alloys by the formation of protective TiN or
TiC layers.^>^ Alternatively, the composition of the structural alloy can
be optimized for corrosion protection. Although further work witli
Pb—]7 at. % Li is required to clearly define the effects of containnent
alloy compr ition o.. corrosion, alloys with lower nickel and chromium con-
tents will probably be preferred for use with this molten alloy.

SUMMARY

Type 316 stainless steel and HT9 suffered significant weight losses
when exposed to static Pb—17 at. % Li, particularly at 500°C. This was in
contrast" to the negligible weight changes of these alloys when exposed to
pure lithium under similar conditions. However, the corrosion in
Pb—17 at. 7. Li had no apparent effect on the tensile properties of these
alloys or on the microstructural appearance of the specimens exposed at
300 and 400°C. For ferrous alloys, the application of Pb-17 at. % Li as a
semistagnant breeding fluid in a fusion reactor may be limited to tem-
peratures of 400°C or below. Containment alloys with low nickel and chro-
mium activities would be preferable.
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Table 1. Compositions of alloys used in this study

Content, wt %
Alloy

Fe Cr Ni Mo V W Mn Si C

HT9a 86 11 0.4 0.8 0.3 0.5 0.6 0.3 0.13

Type 316b 67 17 11 2 - 2 1 0.08
stainless
steel

^•formalized and tempered (0.5 h at in50°C, 2.5 h at 780°C).
Fully annealed.



Table 2. Weight changes 'f type 316 stainless steel
and Sandvik. HT9a exposed to static argot

and Pb-17 at. % Li

Exposure
temperature

CO

300

400

500

900

Exposure
time

(h)

1000
3000
5000

1000
3000
5000

1000
3000
5000

20

Type 316
in Pb-Li

-0.4
-0.4
-1.0

-0.9
-1.2
-3.2

-7.6
-14.7
-12.2

-11.9e

Weight

Type
in

-0
0
0

-0
0
0

+0.
0.

+0.

+0.

change

316
Ar

.1

.0

.0

.1

.0

.0

.1

.0
,1

,1

h (g/m2)

HT9 in HT9 in
Pb-Li Ar

-2.3
-6.6

-3.2
-5.6

-6.5 +0.2
-7.6 0.0

^Normalized and tempered.
'-'Average of measurements from two specimens unless

otherwise noted.
^Average of measurements from six specimens.



Table 3< Tensile results'2 for type 316 stainless steel exposed
Co static argon and Pb—17 at. X Li

Exposure
temperature

t °c ̂

300

400

500

900

Exposure
time

00

1000
3000
5000

1000
3000
5000

1000
3000
5000

20

Strength (MPa)

Yield*

Pb-Li

242

238

235
242
245

240
250
246

248*

Ar

229
248
246

237
243
245

240^
251
253

215

Ultimate

Pb-Li

577

582

574
584
589

570
575
570

593

tensile

Ar

574
583
584

568
582
580

576rf

592
594

5810

Elongat

Pb-Li

84
85
88

88
85
85

88
84
89

86

ione

Ar

86
88
86

88
88
84

87
89
87

89

^Average of measurements from two specimens unless otherwise noted
(scatter within ±10%).

n).2% offset.
Gln 12.7 mm.
One specimen measurement.

eAverage of measurements from six specimens.



Table 4. Qualitative elemental ratios for type
316 stainless steel as determined by
energy-dispersive x-ray analysis

Environment

Control
Ar
Pb-17 at. %
Pb-17 at. %
Pb-17 at. %

Li
Li
Li

Exposure
temperature

(°C)

500
300
400
500

Exposure
time
(h)

5000
5000
5000
5000

Concentration ratioa

Cr/Fe

0.36
0.43
0.45
0.44
0.47

Ni/Fe

0.15
0.17
0.14
0.14
0.14

aKatio of Ka. peaks.



List of Figures

Fig. 1, Capsule and specimen con-
figuration used in this study. The
capsule is inverted during the test.

Fig. 2. Type 316 stainless steel
exposed to static Pb—17 at. % Li at
300°C for 5000 h. (a) Near fracture
surface. (b) Specimen shoulder.

Fig. 3. Type 316 stainless steel
exposed to static Pb-17 at. % Li at
400°C for 5000 h. (a) Near fracture
surface. (b) Specimen shoulder.

Fig. 4. Type 316 stainless steel
exposed to static Pb—17 at. % Li at
500°C for 3000 h. (a) Near fracture
surface. (b) Specimen shoulder.

Fig. 5. Type 316 stainless steel
exposed to static Pb—17 at. % Li at
500°C for 5000 h. (a) Near fracture
surface. (b) Specimen shoulder.

Fig. 6. Type 316 stainless steel
exposed for 5000 h to (a) static argon,
500°C; (b) static Pb-17 at. % Li,
300°C; (c) static Pb-17 at. % Li,
400°C; and (d) static Pb-1? at. % Li,
500°C.

Fig. 7. Weight change versus
exposure time for type 316 stainless
steel and HT9 in static lithium and
Pb-17 at. % Li.
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