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1. Introduction

The compatibility of molten lithium and structural materials has been
studied for many years (see, for example, ref. 1). Much of the early moti-
vation for such research was provided by the Aircraft Nuclear Propulsion
program of the 1950s. In recent years, the possible uses of 1Ji:hiura as a
coolant and/or tritium-breeding blanket in fusion reactors have renewed
interest in lithium compatibility problems. In view of this, it is impor-
tant to have an understanding of the lithium corrosion of austenitic
stainless steels, which are the probable first-wall candidates for the
first generation of magnetic fusion reactors.

This paper presents preliminary results on the corrosion of type 316
stainless steel in nitrogen-contaminated lithium. Nitrogen is a principal
interstitial impurity in lithium and has a significant detrimental effect
on compatibility,2 while 0, H, and C in lithium do not enhance corrosion
of type 316 stainless steel.3 Because of this, there is a need to under-
stand the corrosion mechanisms and kinetics associated with nitrogen-induced
attack in lithium. Results from experiments with getters in nitrogen-
contaminated lithium are also reported.

2. Experimental Procedures

As-received lithium from Foote Mineral Company was purified by cold-
trapping and subsequent heating at 815°C for 100 h in a pot containing zir-
conium and titanium as getters. Chemical analyses of the as-purified
lithium revealed 30-80 wt ppm M and 30—130 wt ppm 0. For the present
experiments, measured amounts of LL3N and Li were mixed to obtain a
solution of Li—2 wt % N. Type 316 stainless steel coupons (25.4 x 12.7 x
1.3 mm) were then enclosed with Li—2 wt % N in type 316 stainless steel
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capsules. For tests with the getter additions, calcium and yttrium were
added to the capsules in the form of small pellets, while zirconium and
titanium were introduced as small, thin (0.5-ram) strips. The capsules were
subsequently sealed by welding the top end cap in an argon-filled vacuum
glove box They were placed in vertical tube furnaces at temperatures
control.e and measured by Chromel vs Alumel thermocouples located in the
center ot ;ach furnace.

Aftei testing, the capsules were allowed to cool, cut open in the
glove box, aid drained of the lithium. Selected samples of the lithium
were chemiCi lly analyzed. The coupons were removed, rinsed, and weighed to
determine th weight changes due to corrosion. The extent of the surface
attack was as sessed by optical metallography.

3. Results

Coupons of type 316 stainless steel were exposed to Li—2 wt % N at 500,
600, and 700°C for various lengths of time. The weight change results
from these experiments are listed in Table 1, which also contains base-line
(pure lithium) data for comparison. We attribute the variable weight
changes in the Li + N solutions to inadequate mixing of the Li3N in the
lithium, which led to nonuniform corrosion in certain cases. Despite the
scatter, it is apparent from these data that the corrosion is much more
severe at all exposure times than for base-line tests conducted with rela-
tively pure lithium.

Metallographic examination of type 316 stainless steel coupons exposed
to Li—2 wt % N provided a more consistent index of corrosion than the
weight change measurements. At 500°C the specimens exhibited a uniform
corrosion layer [Fig. l(a)], while at 600 and 700°C the attack was predomi-
nantly intergranular [Fig. l(b) and (c)]. The depth of uniform attack
a?M, defined as the thickness of the corrosion layer at 500°C [as illus-
trated in Fig. l(a)], is plotted as a function of exposure time in Fig* 2.
Note that the rate of attack decreases with time. Similarly,. a grain bound-
ary penetration distance can be measured from the optical micrographs of
samples exposed at 600 and 700°C. This depth is denoted as Xg and is the
average perpendicular distance from the surface to the point where the
grain boundary attack stopped [cf. Fig. l(b) and (c)]. Plots of Xq
against exposure time at 600 and 700°C are also shown in Fig. 2. As at the
lower temperature, the rates of attack decrease with time.

He conducted additional capsule tests to study the possible control of
the severe, nitrogen-induced corrosion of type 316 stainless steel by the
addition of the nitrogen getters calcium, yttrium, titanium, and zirconium
to the Li + N solution. Table 2 lists the 2000-h weight change data for
the getter additions, with the appropriate base-line and Li3N data
included for ease of comparison. Note that, with the exception of Zr at
700°C, Ca, Ti, and Zr additions substantially reduced Uhe weight loss rela-
tive to the Li + N experiments in every test. However, at the higher test
temperatures, this beneficial effect was not borne out by the metallographic
examinations, (also shown in Table 2). While calcium inhibited attack by
nitrogen at 500°C, some grain boundary attack was observed at 600°C, and in
the 700°C tests calcium did not limit grain boundary penetration (see Fig.
3). Titanium was a moderately effective inhibitor at 500°C but, like
calcium, it lost its effectiveness at higher temperature. Samples that
were exposed in capsules with yttrium as a getter were similar metallo-
graphically and in weight change to those exposed to ungettered Li—2 % N



under the same conditions. The addition of zirconium appeared to promote
intergranular attack at 500°C as well as at the higher test temperatures,
where the penetration was similar to that of the ungettered specimens
exposed to Li + N.

4. Discussion

4.1 Type 316 Stainless Steel in Li-2 wt % N

The detrimental effect of nitrogen on the compatibility of lithium
with stainless steel has been known for many years. Hoffman^ reported that
grain boundary attack and weight loss were greatly enhanced when the test
lithium was contaminated with lithium nitride. Although his tests were
generally at higher temperatures than ours, his results are comparable.
More recently, Olson et al.4 studied the corrosion of type 304L stainless
steel in static, nitrogen-contaminated lithium by measurement of weight
loss and grain boundary penetration as a function of exposure time, tem-
perature, and nitrogen concentration. They found^ that the weight loss,
W, could be expressed as

W = [22.3 x 104 N2-5 exp(-8550/T)*]1/2 , (1)

where N is the concentration of nitrogen in lithium (wt % ) , t is in hours,
w is in units of g/tn2 and T is less than 727°C. The grain boundary
penetration below 727°C was determined to follow an expression of the form

x = [4 x 103 N exp(-15,600jT)t]lt2 (2)

where x is in mm. When the penetration data for a particular temperature
are plotted versus t^'Z, the resulting straight line intersects the a:-axis
at times greater than zero.4 This indication of a delay, or incubation
time, can be consistent with the nucleation of a corrosion product, the
existence of which was also suggested by Hoffman,2 who hypothesized that
a Li^N'FeN complex would be present in the system of stainless steel,
nitrogen, and liquid lithium. Such a complex could promote leaching by
altering the composition of the area near the grain boundaries or cause
corrosion by embrittlement.6

In comparing our results with previous work, a distinction between
experimental techniques must be made. Our experimental arrangement is
similar to that of Hoffman:2 the static tests are conducted in closed
capsules so the nitrogen concentration decreases with time as it reacts
with the stainless steel. (This is borne out by chemical analysis of the
post-test lithium). On the other hand, the experiments of Olson et al.4
were conducted in an open crucible inside a glove box such that the nitro-
gen concentration of the lithium was constantly replenished throughout a
particular test. Therefore, the time dependence of the weight loss and
grain boundary penetration, as given by Eqs. (1) and (2), respectively,
would not be expected to apply strictly to our case. Indeed, the weight
loss versus time curves of Fig. 2 do not follow a t*/2 behavior: the
weight losses decrease more rapidly with time as nitrogen is consumed
during test.

Equations (1) ana (2) imply a solid-state-diffusion-controlled reac-
tion between nitrogen and certain components of the stainless steel. Given
:his boundary condition, the time dependence of the corrosion in our



particular experiments should be described by a model for the uptake of
solute from stirred solutions.'' Specifically, if the amount of nitrogen
available for reaction is the amount remaining "in solution in the lithium,
then N in Eqs. (1) and (2) can be replaced by time-dependent concentrations:

(3)

where Co is the initial concentration of the nitrogen in the lithium, qn
are the positive roots of tan q = -aq, a is the ratio of the volumes of
the solution and the stainless steel, D is the diffusion coefficient of
nitrogen in stainless steel, and 21 is the thickness of the corrosion
coupon. Each successive term of the above summation is smaller than the
preceeding one because of the increase in q 3 so no significant errors are
introduced in this case by dropping all terms past n - 2. In fact, for the
present purpose, it is sufficient to approximate Eq. (3) by

N = AQ exp(-at) (4)

where

r 2d + o ) i
[l + o + a2q]\

a - Dq2/l2

The use of Eq. (4) instead of a constant N in Eqs. (1) and (2) yields

W = [22.3 x io* A2'5 esp(r-S550/T)esp{-2.5 at)t]1/2 (5)

x = [4 x io3 AQ exp(-15,600/20exp(-at)t]
1/2 . (6)

For comparison with the data, Eqs. (5) and (6) are most useful in the
following forms:

ln(w/t1/2) = (l/2)ln[22.3 x 104 A Q
2' 5 exp(-4550/7)] -1.25a* (7)

ln(x/t1/2) = (l/2)ln[4 x 103 Ao exp(-15,600/7)] - at/2 (8)

Thus, a test of the validity of this formalism is to see if plots of
ln(w/t '2) and lnix/t1^2) against time yield straight lines. For the grain
boundary attack at 600 and 700°C there is good agreement between the data
and the time dependence of Eq. (6), as evidenced by Fig. (4). However, the
agreement was not good for the uniform attack distance, xu> and the
weight losses at 500, 600, and 700°C. Plots like that of Fig. 4 did not
result in good straight line fits because of scatter in the data at low
exposure times. The disagreement between this analysis and the uniform
attack depth at 500°C and the weight losses may indicate that instead of
these two parameters being rate limited by a simple diffusion-controlled
first order reaction, they may depend on a solution parameter. In addi-
tion, the probable nonuniformity of the solution (stirred was assumed in
the model) may partly account for the present discrepancies. From an
operational viewpoint, however, the above results indicate that in a closed



lithium system such as in fusion reactor applications, the effects of nitro-
gen contamination of the lithium will decay with time faster than predicted
by a jfrl/2 xaw.

4.2 Effect of Nitrogen Getters

As shown in Table 2, getters limit the detrimental effect of nitrogen
in lithium on the weight change of type 316 stainless steel at 500, 600 and
700°C. On the other hand, metallographic observations revealed that some
of the getters significantly inhibited attack of the stainless steel only
at 500°C (see Table 2).

One approach to the analysis of these results is a comparison of the
free energies of formation, &Gfs for the various nitrides,8^10 a s shown in
Table 3. Nitrides with standard free energies of formation lower than that
of Li3 would be expected to remove nitrogen as a solute from the lithium
and thereby reduce the corrosiveness of the environment. All four of the
tested elements — Y, Zr, Ti, and Ca — have free energies of formation
that are substantially lower than that of L.I3N. However, using AGy as
a criterion for the extent of corrosion inhibition by the addition"1 of get-
ters to Li + N (and ignoring relative solubilities of the getters in
lithium) does not result in correct predictions of the experimental data in
all cases. In general, the relative magnitudes of AGi were not suf-
ficient to consistently determine the trends among the various getters, and
other factors obviously have to be taken into account. In addition to
solubility in the lithium and reaction rates (see below), Y, Zr, Ti, and Ca
might interact with dissolved metal to form intermetallic compounds and
ternary products.

Another factor that needs to be considered in an analysis of the
getter results is that of relative reaction rates. For example, the
decreased corrosion inhibition of Ti and Zr at higher temperatures (Table 2)
may be due to competing reactic:. ?. The rate of reaction of the nitrogen in
the lithium with the stainless steel at temperatures above 600°C could
dominate the interaction between nitrogen and the getter element. The
ineffectiveness of yttrium at all test temperatures may be ascribed to its
slow rate of nitridation.H Another related factor is the relative
amount of surface area available for reaction. In contrast to calcium,
which dissolves in lithium, the solubilities of yttrium, titanium, and zir-
conium in lithium are small at these temperatures, and consequently these
three getters remain as solids. Therefore, the extent of the reaction bet-
ween Ca and N should be greater than the N reactions with Y, Ti, and Zr,
which are limited by their available surface areas. When combined with the
larger atomic concentration of calcium, this may help to explain the
greater effectiveness of calcium as a corrosion inhibitor in nitrogen-
contaminated lithium.

The efficiencies of the individual getters as corrosion inhibitors can
be strictly compared only as an extrapolation of the present data, taking
into account their atomic concentrations and the dependence of weight loss
and attack depth on the nitrogen concentration (see Sect. 4.1). In view of
the uncertainty in such a procedure, no definite conclusion can be reached
on the relative effectiveness of these getters, although it does seem that
yttrium had little influence on the corrosion. It is apparent that above
500°C none are able to reduce the corrosion to the low level of the base-
line tests.



An alternate method of reducing the corrosive effect of nitrogen in
lithium is through the use of additives that will strongly react with the
stainless steel to form a corrosion-resistant intermetallic surface layer.
Additions of Al and Si to pure lithium resulted in the formation of such
layers on type 316 stainless steel during static testing.3 We chose Y,
Zr, Ti, and Ca for their effectiveness as getters, that is, for their reac-
tivity with nitrogen. Whether elements that readily form intermetallic
compounds with stainless steel can be effective corrosion inhibitors in
nitrogen-contaminated lithium is presently being studied.

5. Summary

1. The corrosion of type 316 stainless steel in nitrogen-contaminated
lithium between 500 and 700°C is severe, but the corrosion rate decreases
with time. Long-term effects cannot be predicted by short-term data.

2. The corrosive attack of type 316 stainless steel in Li—2 wt % N
is uniform at 500°C and intergranular at 600 and 700°C. The grain boundary
attack at 600 and 700°C can be described by an empirical equation^ modified
by a time-dependent nitrogen concentration of the lithium.

3. Calcium, zirconium, and titanium can reduce the extent of corro-
sion of type 316 stainless steel when added to nitrogen-contaminated
lithium at 500"C, but their effectiveness is not great at 600 and 700cC.
Yttrium was ineffective at all three temperatures.
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List of Figures

Fig. 1. Type 316 Stainless Steel Exposed to Li—2 wt % N for 2000 h.
(a) 500°C. (b) 600°C. (c) 700°C.

Fig. 2. Corrosion Depths as a Function of Exposure Time. Xu is the
thickness of the uniformly attacked area observed at 500°C. Xq
is the average perpendicular distance from the surface of the
intergranular penetration. The curves are the best fits to the
data.

Fig. 3. Type 316 Stainless Steel Exposed to Li—2 wt % N-ll wt % Ca
for 2000 h. (a) 500°C. (b) 600°C. (c) 700°C.

Fig. 4. Grain Boundary Penetration Parameter Versus Exposure Time for
Type 316 Stainless Steel in Li—2 wt % N.



Table 1. Weight Changes Due to Exposure of Type 316
Stainless Steel to Li—2 wt % N

Time
(h)

50

50

50

100

100

100

243

243

1G00

1000

1000

1500

1500

1500

2000

2000

2000

Temperature
. (°C)

500

600

700

500

600

700

600

700

500

600

700

500

600

700

500

600

700

Weight Change*2

(g/m2)

-17.3

-13.4

-17.1

-20.3, -2.7, -39.0

-14.8, +0.7, -44.5

-18.9,-28.8, -6.2, -35.6

-16.2

-20.0

-51.5 (+0.3)

-39.0 (-0.1)

-51.0 (-0.3)

-58.6

-62.9

-57.4

-49.8 (0.0)

-43.0 (-0.1)

-44.8 (-0.7)

^Values in parentheses represent data from tests in
pure lithium.



Table 2. Effect of 2 wt % Na and Nitrogen Getters in Lithium
on Corrosion of Type 316 Stainless Steel Exposed 2000 h

Getter •

No

None

Y

Ca

Ti

Zr

Getter

(wt %)

Content

(at. %)

nitrogen

15

11

16

15

1

2

3

1

Weight

500°C

0.0

-49.8

-48.5

+5.5

-12.9

-2.5

Change,

600°C

-0.1

-43.0

-31.8

-5.0

-5.9

-7.5

g/m2

700°C

-0.7

-44.8

-30.3

-5.6

-8.0

-34.7

Depth

500°C

0

32

29

<2

0

11

of Attack

600°C

<2

26

24

18

18

16

, urn

700°C

<2

76

75

48

72

97

1 at. % in the absence of getters, 2 at. % with getters present.

Nitrogen present in all other tests.



Table 3. Free Energies of Formation
for Selected Nitrides

Nitride .

Li3N

ZrN

TiN

Ca2N3

IN

527°C

-75.7

-289.5

-260.7

-90.5

-218.0

AffJ. (kJ/mol N)

627°C

-58.6

-280.0

-251.4

-83.4

-207.5

727°C

-41.8

-271.1

-242.2

-76.3

-197.5

Ref.

8

9

9

9

10



••a._...-;

40/im



% : • * ,

40

30

20

10

0
100

OU

60

40

20

0

-

o o ^ ^ - - "

—/o

1 !

O yS

1 1

T = 600°C

, ——"" o

1 1 I 1

T = 700°C

1 1 ! 1

-

1

1

1

1

, <b,

1

, (O
400 600 800 1000 1200 1400 1600 1800 2000

EXPOSURE TIME (h)



20 40 60 MICRONS 120 140
I H • 1—1— 500X—*i " | ' H

0001 NS 0
H
0.001

0 0 X i |
INCHES 0.005

0 1 INCHES oTfVi

20 40 60 MICRONS 120 140
I S • 1— 1 — 500 X — l i 1 i ' H

0.001 INCHES 0.005



4 0 0 800 1200
EXPOSURE TIME (h)

1600 2000


