
COWF-830942—7

DE84 000593
CORROSION OF FERROUS ALLOYS IN EUTECTIC

LEAD-LITHIUM ENVIRONMENTS*

0. K. Chopra and D. L. Smith

Materials Science and Technology Division
Argonne National Laboratory

Argonne, I l l i n o i s 60439

September 1983

The submitted manuscript has been authored
by a contractor oi the IX S. Government
under contract No. W-31-109-dNG-38.
Accordingly, the U. S. Government retains a
nonexclusive, royalty-free license to publish
or reproduce the published form of this
contribution, or allow others to do so, for
U. S. Government purposes..

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily cons<:*ute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

NOTICE
PORTIONS OF THIS REPORT ARE ILLEGIBLE.

It has been reproduced from the best
available copy to permit the broadest
possible availability.

To ba presented at the Third Topical Meeting on Fusion Reactor Materials,
Albuquerque, NM, Sept. 19-22,, 1983, and to be published in the J . Nucl. Mater.

*Work supported by the Off ice of Fusion Energy, U. S. Department of Energy.



CORROSION OF FERROUS ALLOYS IN EUTECTIC LEAD-LITHIUM ENVIRONfCNT

Qmesh CHOPRA and Dale SMITH

Materials Science and Technology Division, Argonne National Laboratory, 9700 South Cass Avenue,
Argonne, I l l i no is 60439*

Corrosion data have been obtained on austenitic prime candidate alloy (PCA) and Type 316
stainless steel and fe r r i t i c HT-9 and Fe-9Cr-1lfc steels In a flowing Pb-17 at . % L1 environment
at 727 and 700 K (454 and 427°C). The results Indicate that the dissolution rates for both
austenitic and fer r i t ic steels in Pb-17L1 are an order of magnitude greater than In flowing
lithium. The influence of time, temperature, and alloy composition on the corrosion behavior in
Pb-17L1 1s similar to that 1n l i thium. The weight losses for the austenitic steels are an order
of magnitude greater than for the fe r r i t ic steels. The rate of weight loss for the f e r r i t i c
steels Is constant, whereas the dissolution rates for the austenitic steels decrease with
time. After exposure to Pb-17L1, the austenitic steels develop a very weak and porous fer r i te
layer which easily spalls from the specimen surface.

1 . INTRODUCTION

The eutectic Pb-17 at. % LI alloy has been

proposed as the trit ium breeder and/or as a

coolatit for fusion reactors that operate on

the D-T fuel cycle. The Pb-17L1 alloy Is

attractive for this application because of the

neutron multiplication in the lead, which

enhances the tritium breeding performance. I t

is Also less reactive with air or water than

liquid l i thium. The use of l iquid Pb-17L1 for

such applications requires an assessment of

the compatibility with containment mate-

r ia ls . The corrosion and mass transfer of

structural material can be deleterious 1n any

application of circulating l iquid metals.

Corrosion 1n the form of uniform or selective

dissolution, Intergranular penetration, and

interstit ial-element transfer to ind from the

liquid metal can result 1n significant wall

thinning and deposition of corrosion products

that may cause severe flow restrictions and

excessive accumulation of radioactive material

in unshielded regions.

Very l i t t l e Information is available on the

corrosion of structural materials In liquid

P5-17L1 alloy. The corrosion and compati-

b i l i t y of austenitic Type 316 stainless steel

a^d fe r r i t i c HT-9 alloy have been Investigated

in static Pb-17L1 capsules.*~^ However, no

data exist on the corrosion of materials in a

circulating Pb-17L1 environment. This paper

presents Information on the corrosion behavior

of several austenitic and fe r r i t i c steels in

flowing eutectic Pb-l7Li al loy.

2. SPECIMENS AND EXPERIMENTAL PROCEDURES

Corrosion tests were conducted in a forced-

circulation loop consisting of a high-

temperature test vessel with a heat exchanger

section and a cold leg . The eutectic alloy

was prepared in a separate vessel and

transferred Into the loop The total volume

of the loop Is ~2 l i t e r s . A* schematic of the

loop and the mixing vessel Is shown 1n

Fig . 1 . Approximately 6 l i te rs of the alloy

was prepared by melting a known quantity of

lead 1n the mixing vessel under a purified

argon environment and adding small amounts of

lithium (-10 ml per addition). The l iquid

Pb-L1 alloy was maintained at -733 K (460'C)

*work supported by the Office of Fusion Energy, U. S. Department of Energy.



FIGURE 1
Schematic of the Pb-17L1 test loop

with constant s t i r r ing during the l i thium

additions.

The reactions between liquid l ithium and

lead were observed through the two ports 1n

the cover of the mixing vessel. I n i t i a l l y ,

the surface of the l iquid lead was covered

with a grayish-black layer of lead oxide,

which prevented proper wetting between l iquid

lithium and lead. As the concentration of

lithium Increased in the alloy, the gray oxide

layer was replaced by a whit? oxide f i lm ,

probably lithium oxide, 'the reaction between

lithium and lead for each lithium addition

proceeded as follows: Upon contact with the

lead, the l ithium drops displaced the oxide

flirr, and formed a pool on the surface. For

the next 20 to 40 s, the layer of l ithium In

contact with lead sol id i f ied, possibly owing

to the formation of a l i th iun-r fch lead

compound. Then this solid dissolved rapidly

]r. the lead, releasing Intense heat 1n the

process. The reaction produced an orange-red

f lane- i ike color at the solid-l iquid

interface. A grayish solid remained floating

on the surface; on s t i r r ing , t M s gradually

dissolved >'n the lead.

The eutectic alloy was bottom poured Into

the loop after i t was analyzed to check the

composition and determine the concentration of

In te rs t i t i a l elements such as 0, N, and H.

Several analyses show that the composition 1s

Pb-16.3 a t . % LI and the concentrations of 0,

H, and N are 260, 22, and '-10 ppmu

respectively.

Flat corrosion specimens, ~70 x 10 x 0.3 mm

In size, of Type 316 stainless steel , prime

candidate alloy (PCA), Fe-9Cr-1!*> steel, and

HT-9 alloy were exposed to flowing Pb-17U at

727 and 700 K (454 and 427°C) for up to

3300 h. The compositions of the various

alloys are given 1n Table I . During exposure,

the cold-leg temperature was maintained at

573 K { 3 0 C O . The f e r r i t i c steels. HT-9 and

Fe-9Cr-lMo, were exposed In the normalized and

tempered condition- Two different heat

treatments were employed for each of the other

materials, v i s . , iS% cold-worked (CW) and 25%

CW plus 2 h at 1023 K for PCA, and solution-

annealed and 20% CW for Type 316 stainless

steel . The specimens were periodically

removed from aie loop for weight change meas-

urements. After each exposure, the corrosion

specimens were cleaned in stat ic lithium at

-563 K (290°C). Subsequently, they were

washed in alcohol and water. This procedure

was repeated several times t i l l no further

weight change was observed for the speci-

mens. Control spediiens were also exposed

with the corrosion specimens 1n lithium to

monitor any weight change during the cleaning

operation. No measurable weight change was

observed for the control specimens.



TABLE I . Chemical Compositions of Austentic and FerHt ic Steels

Alloy

PCA
316 SS
HT-9
9Cr-lMo

Cr

1 *
17
12
8

.0

.0

.0

.8

klH

16.
13.
0.

-

2
4
6

2
2
1
0

Ho

.3

.49

.03

.92

1
1
0
0

.8

.9

.5

.4

0
0
0
0

!>i

.40

.64

.22

.36

0,

Content, wt
P

.010
C024
0,.006

s

0.003
0.020
0.002

0
0
0
0

c

.05

.0?

.21

.098

0
0
C
0

N

.010

.034

.003

.011

0.

0.
0.

Other

24T1

32V,
21V,

0.
0.

5W
06Nb

3. RESULTS

The corrosion behavior was evaluated by

measuring the change 1n weight of the

specimens exposed to flowing Pb-17L1 for

different times. The exposed specimens Mere

examined metallographically to study the

nature and extent of the corrosive Inter-

actions. The weight loss 1n flowing Pb-17L1

at 727 and 700 K 1s shown 1n Fig. 2 for

annealed and 20% CW Type 316 stainless steel

and in F1g. 3 for the f e r r i t i c steels. Data

from tests 1n static Pb-17L1 capsules2 are

also included 1n the figures. The results

show that for both austenitic and fe r r i t i c

steels, the weight loss In flowing Pb-17L1 1s

significantly greater than In static

capsules. Specimens exposed to static Pb-17L1

show l i : t l e or no weight loss after 1000 to

3000 h, whereas the specimens continue to lose

weight in flowing Pb-17L1.

The dissolution rates of both austenitic

and f e r r i t i c steels 1n flowing Pb-17L1 are an

order of magnitude greater than 1n flowing

l i th ium.*" 7 However, the overall corrosion

behavior o* the various alloys 1s similar to

that in l i thium. For example, the rate of

weight loss for the austenitic Type 316

stainless steel reaches a steady-state value

(shown by the dashad lines 1n F1g. 2) cfter an

I n i t i a l period of high dissolution rate. The

weight losses with time for austenitic steels

nay also be expressed by a parabolic law;

these predictions are shown by the solid

curves 1n Fig. ?.. !n a flowing lithium envi-

ronment, the weight loss for Types 304 and 316

stainless steel with time follows a power law

relationship given by

W - Kt n . (1)

where W 1s weight loss In g/m2 anc! I Is time

in hours. K and n are constants. The corro-

sion data In lithium y ie ld an averege value of

0.7 for the time exponent n.7

In both lithium and Pb-17L1 environments,

the dissolution rates for the fe r r i t i c steels

are constant. Figure 3 shows that at 700 K

500
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EXPOSURE T l * (1000 It)

FIGURE 2
Weight loss versus exposure time for annealed
and 20% cold-worked Type 316 stainless steel
exposed to flowing Pb-17L1 at 727 and 700 K.
Each symbol type represents weight loss for a
single specimen after various exposure times.
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FIGURE 3
Weight loss versus exposure time for HT-9
alloy and Fe-9Cr-lMo steel exposed to flowing
Pb-17M at 727 and 700 K. Each symbol type
represents weight loss for a single specimen
after various exposure times.

the dissolution rates for HT-9 and Fe-9Cr-lMo

steel are comparable, and at 727 K the disso-

lution rate for the HT-9 alloy 1s slightly

higher than that for Fe-9Cr-lMo stee l . The

weight losses for th.» austenitic stainless

steel are an order of magnitude greater than

for the f e r r i t i c steels, and ttie weight loss

for the CW Type 316 stainless steel 1s -25%

higher than for the annealed steel . For all

alloys, the *ioso In weight at 727 K 1s a

factor of -2 greater than at 700 K.

Metal lographic exeminat'.on of the exposed

specimens revealed that the austenitic Type

316 stainless steels develop a very porous and

weak fer r i te layer. The fer r i te layer formed

on the annealed Type 316 stainless steel

exposed for 1400 h 1n Pb-17L1 at 727 K is

shown 1n Fig. 4 . A typical energy-dispersive

x-ray analysis of the fer r i te layer reveals a

composition of -954 iron and small amounts, of

chromium and molybdenum. Austenitic stainless

steels are known to develop a fe r r i t e layer

FIGURE 4
Micrograph of the f e r r i t e layer formed on
annealed Type 316 stainless steel exposed for
1400 h in flowing Pb-17L1 at 727 K

after exposure to lithium owing to preferen-

t i a l leaching of nickel , and to a lesser

extent chromium, from the s tee l . However, the

f e r r i t e layer formed 1n a flowing Pb-17Li

environment Is very weak and ful l of cavities

and holes. The fe r r i te layer was not observed

over tiie entire surface area of the specimens

exposed to Pb-17L1. The weak ferr i te layer

probably spalls either during exposure to

Pb-17L1 or during cleaning of the specimens In

l i thium. This behavior would Influence the

weight loss of the austenitic stainless steels

exposed to a flowing Pb-!7L1 environment. The

corrosion data 1n Pb-17L1 represent the loss

In ueight due to the loss of the entire

degraded fer r i te layer on the specimens. In

contrast, the weight loss in a flowing lithium

environment 1s primarily due to the selective

dissolution of substitutions! elements from

the steel .

Micrographs of the surface of the annealed

Type 316 stainless steel and HT-9 alloy

specimens exposed at 727 K for 3300 h in a

flowing Pb-17li environment a-e shown in

F1g. 5. The surface of Type 316 stainless

steel shows significant corrosion and Is f u l l

of cavities end holes. The HT-9 alloy has an

etched appearance with some corrosive attack

along the grain boundaries and ja r tens i t ic
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FIGURE 5
Micrographs of the surface of (a) annealed Type 316 stainless steel and (b) HT-9 alloy exposed for
3300 h In flowing Pti-1711 at 727 K

lathe boundaries. However, examination of

cross sections of the specimens reveals l i t t l e

or no 1ntern.il corrosion.

Specimens of PCA were also exposed for

905 h 1n Towing ?b-17L1 at 727 and 700 K.

Weight loss in the specimens after the f i rs t

cleaning in lithium was comparable to that 1n

the CW Type 316 stainless »teel . However, the

PCA specimens continued to show weight loss

upon subsequent cleaning. Consequently, an

accurate value of weight loss could not be

obtained for these specimens. After each

cleaning, grayish f1akes or powdery deposits

were observed on the specimen surfaces.

Metallographic examination of the specimens

revealed that the gray flakes were sections of

the fe r r i t e layer that broke off from the

specimen surface. Micrographs of the loose

ferr i te layer are shown In F1g. 6. The

surface has a '/ery porous and etched

appearance. Corrosion along the grain and

twin boundaries cai be seen clearly. X-ray

analyses showed that the composition of the

fer r i te layer was similar to that observed for

Type 316 stainless steel.

4. CONCLUSIONS

Corrosion data 1n a flowing Pb-17Li

environment Indicate that the dissolution

rates for both austenitic and fe r r i t i c steels

are an order of magnitude greater than in

flowing lithium.. The Influence of time,

temperature, and alloy composition on the

corrosion behavior 1n Pb-17L1 Is similar to

that 1n flowing l i thium. The weight losses

for the austenitic steels are an order of

magnitude greater than for the f e r r i t i c

steels, and the weight loss for CW Type 316

stainless steel Is higher than for the

annealed steel. The rate of weight loss for

the fe r r i t ic steels 1s constant, whereas the

dissolution rates for austenitic steels

decrease with time. For annealed and cold-

worked Type 316 stainless .steel , the weight

loss with time In flowing Pb-17L1 follows a

parabolic law. For Type 316 stainless steel

and HT-9 alloy, the weight loss In flowing

Pb-17L1 Is significantly greater than 1n

static Pb-17U capsules.

After exposure to flowing Pb-17U, the

austenitic steels develop a very weak and

porous ferHte layer. This Vjyer easily



FIGURE 6
Micrographs of the loose surface layer of ferr i te on PCA exposed at 727 K for 905 h 1n a flowing
Pb-17L1 environment

breaks off from the specimen surface either
during the exposure to Pb-17Li or during
cleaning cf the specimens 1n l i thium.
Consequently, the corrosion data 1n a Pb-17L1
environment represent loss In weight due to
the loss of the entire degraded f e r r i t e layer
and not from the selective dissolution of
substitutionai elements from She steel .
Additional data from specimens exposed to
flowing Pb-'i7L1 for long times are required to
establish the long-term corrosion behavior of
materials in a Pb-17L1 environment.
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