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Abstract

Corrosion data have been obtained on ferritic HT-9 and Fe-9Cr-lMo steel

and austenitic Type 316 stainless steel in a flowing Pb-17 at. % Li environ-

ment at temperatures between 371 and, 482°C. The corrosion behavior is

evaluated by measurements of weight loss and depth of internal corrosion as a

function of time and temperature. Metallographic examination of the materials

exposed to the flowing Pb-17Li environment is presented.
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1. Introduction

The eutectic Pb-17 at. % Li alloy has been proposed as the tritium

breeder as well as the coolant for fusion reactors that operate on the D-T

fuel cycle. Liquid Pb-17Li alloy is attractive because of neutron multipli-

cation in the lead, which enhances tritium breeding performance, and low

reactivity with air and water relative to other liquid-metal breeders, such as

liquid lithium. The use of Pb-17Li alloy for such applications requires an

assessment of its compatibility with the containment materials.

Corrosion tests on austenitic Type 316 stainless steel and ferritic HT-9

alloy in a circulating Pb-17Li environment [1-6] indicate that the dissolution

rates for both steels in Pb-17Li are more than an order of magnitude greater

than those in circulating lithium. The corrosion rates for austenitic Type

316 stainless steel are an order of magnitude greater than those for ferritic

steels [1]. The results also indicate that the weight losses in circulating

Pb-17Li are significantly higher than in static Pb-17Li capsules [6-8].

Specimens exposed to static Pb-17Li show little or no weight loss after

~2000 h of exposure, whereas the specimens in flowing Pb-17Li continue to lose

weight. However, information on the mechanical properties and the effect of

temperature on corrosion of structural materials in circulating Pb-17Li is

very limited. This paper presents data on the corrosion behavior of

austenitic Type 316 stainless steel and ferritic HT-9 and Fe-9Cr-lMo steel in
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a circulating Fb-17Li environment at temperatures between 371 and 482°C.

Tensile properties of HT-9 in flowing Pb-17Li are also presented.

2. Experimental Procedure

Tests were conducted in a forced-circulation loop consisting of a high-

temperature test vessel, a heat exchanger section, and a cold-temperature

chamber. The total volume of the loop was ~2 liters. A detailed description

of the loop has been presented earlier. Flat corrosion coupons, ~73 x 10 x

0.26 mm in size, of HT-9 alloy, Fe-9Cr-lMo, and Type 316 stainless steel were

exposed to flowing Pb-17Li, and the corrosion behavior was evaluated by

measurements of weight loss and the depth of internal corrosive penetration.

The chemical composition of the alloys is given in table 1. Four corrosion

test runs of 2000 to 4000 h each were conducted at maximum temperatures of

371, 427, 454, and 482°C, respectively. For each test run, specimens were

exposed at the maximum temperature position as well as at a downstream

location. During runs 1 to 3, the temperature at the downstream position was

15 to 25°C lower than the maximum temperature, whereas the temperature at both

locations was 371°C during run 4. The specimens were periodically removed

from the loop for weight change measurements. For all corrosion tests, the

cold-leg temperature was maintained at 300°C and the Pb-17Li alloy was

circulated at a rate of ~350 cm /min. Several analyses of the eutectic alloy

showed that the concentrations of 0, H, and N were 260, 22, and <10 wppm,

respectively.

Constant extension rate tests (CERT) were conducted on normalized and

tempered HT-9 alloy in flowing Pb-17Li to investigate the possible embrittle-

ment of the material. Cylindrical specimens, 2.54 mm in diameter and 10.2 mm

gauge length (ASTM Standard E8), were tested at temperatures between 270 and

450°C and extension rates of 0.003, 0.6, and 6.0 mm/min, which correspond to
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initial strain rates of 5 x 10"^, 1 x 10"^, and 1 x 10~2, respectively. Prior

to testing, all specimens were exposed for ~18 h to flowing Pb-17Li at 427°C

to achieve complete wetting of the specimen surface.

3. Results

3.1. Ferritic steels

The corrosion behavior was evaluated by .i&asuring the change in weight of

the specimens exposed to flowing Pb-17Li for different times. The weight

losses for HT-9 and Fe-9Ci -IMo steel exposed at the maximum temperature

location at 482, 454, 427, and 371°C are shown in fig. la. The results

indicate that the weight losses for both steels increase linearly with time

and yield a constant dissolution rate. Specimens exposed at 482°C show

significant weight loss after the initial 500-h exposure to Pb-17Li. The

weight losses and dissolution rates for Fe-9Cr-lMo steel relative to those for

HT-9 alloy are comparable at 371CC and slightly lower at the higher tempera-

tures. The dissolution rates for both steels increase with an increase in

temperature.

The corrosion behavior of the specimens, which were exposed downstream

from the maximum temperature location, is shown in fig. lb. The weight losses

for these specimens also increase linearly with time and yield a constant

dissolution rate. However, for a given time and temperature of exposure, the

total weight loss and dissolution rate are lower than those observed for

specimens exposed at the maximum temperature location. Downstream effects

were quite obvious during run 4. For example, specimens of HT-9 and Fe-9Cr-

lMo steel exposed at the same temperature at two locations showed a factor of

~2 difference in dissolution rates, whereas the rates for downstream specimens

are lower.
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Metallographic examination of HT-9 and Fe-9Cr-lMo specimens from the

various corrosion tests showed uniform dissolution as well as preferential

attack along grain boundaries and martensitic lathe boundaries. Micrographs

of the surface of HT-9 specimens exposed to flowing Pb-17Li at 427 and 482°C

are shown in fig. 2. The preferential attack is quite pronounced at 482°C and

the specimen surface developed an etched appearance. The large weight loss

after the initial 500-h exposure at 482°C may be attributed to such surface

modifications. The specimens exposed at 482°C also show significant internal

corrosion, fig. 3. The gray stringers observed at the surface are rich in

chromium and correspond to the preferential attack along martensitic lathe

boundaries. The specimens, which were located downstream at 465°C from the

specimens exposed at 482°C (run 3), showed little or no internal corrosion.

Examination of ferritic steel specimens from tests at lower temperatures,

i.e., runs 1, 2, and 4, revealed little or no internal corrosion.

3.2. Austenitic stainless steels

The corrosion behavior of annealed and 20% cold-worked Type 316 stainless

steel exposed to flowing Pb-17Li at maximum loop temperatures of 482, 454,

427, and 371°C is shown in fig. 4. The weight losses for austenitic steels

are an order of magnitude greater than those for the ferritic steels. Steady-

state dissolution behavior achieved after an initial period of ~500 h is

characterized by very high dissolution rates. The large weight losses during

the initial transient period represent the formation of a ferritic surface

layer due to complete depletion of nickel and, to a lesser extent, chromium

from the steel. The ferrite layer is very porous and breaks off easily. The

thickness of the ferrite layer increases with time, e.g., at 454°C, the

thickness increases from 26 ym at 1400 h to 47 pm after 3700 h.
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Downstream effects were also observed for the austenitic stainless steel

specimens. For a given time and temperature of exposure, the total weight

loss and dissolution rate for the downstream specimens were lower than those

for the specimens exposed at the maximum temperature location. The thickness

of the ferrite layers was significantly smaller for the downstream

specimens. For example, the average values for Type 316 stainless steel

specimens exposed for ~1800 h at the maximum loop temperatures of 482, 454,

end 427°C were 100, 30, and 17 um, respectively. The thickness of the ferrite

layer for specimens exposed downstream at 465°C for the same time was 23 pm.

However, the composition of the ferrite layer was similar for all specimens.

The distribution of major elements, i.e., Ni, Cr, and Fe, across the ferrite

layer on annealed Type 316 stainless steel exposed downstream at 465°C is

shown in fig. 5. The compositional changes in the »rrite layers formed in

flowing Pb-17Li are different from those observed in \ustenitic steels exposed

to a flowing lithium environment. Type 316 stainless iteel exposed to lithium

shows a slight depletion of chromium near the surface region of the ferrite

layer, i.e., the distribution of chromium follows a diffusion profile [9].

Specimens exposed to Pb-17Li show a significant loss of chromium over the

entire ferrite layer; the concentrations of chromium and nickel decrease

rapidly across the scale/metal interface.

3.3. Dissolution rates

The steady-state dissolution rates for HT-9, Fe-9Cr-lMo, and annealed and

20% cold-worked Type 316 stainless steel in flowing Pb-17Li are given in

table 2. The Arrhenius plots of the results from the present investigation

and data from other studies are shown in fig. 6. The lines represent the best

fit for the dissolution rates of ferritic HT-9 and Fe-9Cr-lMo steels and Type
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316 stainless steel. The results yield activation energies of 22.1 and

28.6 kcal/mole for ferritic and austenitic steels, respectively.

The dissolution rates for ferritic steels are a factor of 5 to 10 lower

than those for the austenitic Type 316 stainless steel. Mass transfer and

deposition are likely to be the most restrictive criteria for corrosion in

liquid Pb-17Li first wall/blanket systems. Assuming a corrosion limit of

20 jim/yr, i.e., 22 mg/m *h uniform dissolution, would yield a maximum

operating temperature of ~500°C for HT-9 alloy and ~410°C for Type 316

stainless steel in circulating Pb-17Li systems. The results indicate that the

use of Type 316 stainless steel with liquid Pb-17Li may be impractical.

3.4. Tensile properties

Tensile properties of normalized and tempered HT-9 alloy obtained in

flowing Pb-17Li at temperatures between 273 and 454°C and different initial

strain rates are shown in fig. 7. The chain-dash lines represent the average

values of yield and ultimate strength in an air environment. The results

indicate that a Pb-17Li environment has no effect on the tensile properties of

HT-9 alloy. The ultimate and yield strengths in Pb-17Li are comparable or

superior to those in air. An increase in the initial strain rate decreases

the ultimate strength at temperatures below 400°C, whereas the yield strength

and reduction in area are not significantly affected. Specimens tested below

400°C showed serrated flow. At all temperatures and strain rates, the

reductions in area are >50%. Metallographic examination of the test specimens

showed a ductile dimpled fracture mode. The gauge surfaces did not show any

internal corrosion or surface cracks.

4. Conclusions

Corrosion data in flowing Pb-17Li at temperatures between 371 and 482°C

indicate that the dissolution rates for ferritic HT-9 and Fe-9Cr-lMo steels
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are an order of magnitude lower than those for Type 316 stainless steel. The

weight losses for ferritic and austentic steels increase linearly with time

after an initial 500-h period characterized by large weight loss. The initial

weight loss for ferritic steels is significant only at 482°C and is associated

with preferential attack along grain boundaries and martensitic lathe

boundaries. The large initial weight loss for Type 316 stainless steel is

associated with the formation of a ferrite surface layer due to depletion of

nickel and chromium from the steel. The ferrite layer is very porous and its

thickness increases with time.

Arrhenius plots of the dissolution rate data yield activation energies of

22.1 and 28.6 kcal/mole for the ferritic steels and Type 316 stainless steel,

respectively. For a corrosion limit of 20 pm/yr, the results indicate a

maximum operating temperature of ~500°C for ferritic steels and ~410°C for

Type 316 stainless steel. The use of Type 316 stainless steel with a Pb-17Li

environment may not be practical. Data also indicate downstream effects which

would influence the dissolution behavior of alloys in circulating Fb-17Li

systems. Tensile data show that a flowing Pb-17Li environment has no effect

on the tensile properties of normalized and tempered HT-9 alloy.
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Table 1
Chemical compositions of austenitic and ferritic steels

Alloy

316 SS
HT-9
9Cr-lMo

Cr

17
12
8

.0

.0

.8

Ni

13.4
0.6

2
1
0

Ma

.49

.03

.92

Ma

1
0
0

.9

.5

.4

0
0
0

Content (wt

Si

.64

.22

.36

P

0.024
0.006

mm

% )

0
0

s

.020

.002
0
0
0

C

.07

.21

.098

0
0
0

N

.034

.003

.011
0.32
0.21

Other

V, 0.5 W
V, 0.C6 Nb
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Table 2
Dissolution rates for ferritic and austenitic steels
exposed to flowing Pb-17Li

Run
Number

1
1
2
2
3
3
4
4

Temp.
(°C)

454
427a

427
413a

482
465a

371
371a

Maximum
Time
(h)

3663
3663
3808
3808
1849
1849
1269
1269

Dissolution
HT-9

9.0
5.1
7.4
2.6
18.3
3.8
1.1
0.4

9Cr-lMo

8.2
4.9
-
-
8.3
1.9
1.1
0.4

Rate
314

50
26
55
23
325
45
2
1

(mg/m2

SS

.1

.1

.1

.9

.1

.0

.8

.0

•h)
316

75
27
58
31

CW

.9

.4

.6

.1

aSpecimens were located downstream from the maximum loop
temperature position.
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Fig. 1. Weight loss versus exposure time for ferri t ic steel specimens exposed

to flowing Pb-17Li at (a) the maximum loop temperature and (b)

downstream location.



427°C, 3808 H

Fig. 2. Micrographs of the surface of HT-9 alloy exposed to flowing Pb-17Li

at (a) 427°C and (b) 482°C.

Fig. 3. Internal corrosion in HT-9 alloy exposed for 1729 h to flowing

Pb-17Li at 482°C.
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Fig. 4. Weight loss versus exposure time for Type 316 stainless steel

specimens exposed to flowing Pb-17Li at the maximum loop temperature

position.

Fig. 5. Concentration profiles for major elements across the ferritic layer

of Type 316 stainless steel exposed to Pb-17Li for 1729 h at A65°C.
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Fig. 6. Arrhenius plots of dissolution rate data for ferritic and austenitic

steels exposed to flowing Pb-17Li. ANL: Argonne National Labora-

tory; ORNL: Oak Ridge National Laboratory; CEN: Centre D'EtudfiS

Nuclearies, France; USSR: Soviet Union contribution to INTOR.
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