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ABSTRACT

The corrasion of types 304L and 316
austenitic stainless steel by flowing lith-
ium has been studied in thermal-convection
loops operated at 500-650°C. Both weight
and compositional changes were measured on
specimens distributed throughout each loop
and were combined with metallographic exami-
nations to evaluate the corrosion processes.
The corrosion rate and mass transfer charac-
teristics did not significantly differ
between the two austeniiic stainless steels.
Addition of 500 or 1700 wt ppm N to purified
Tithium did not increase the dissolution
rate or change the attack mode of type 316
stainless steel. Adding 5 wt % Al to the
1ithium reduced the weight loss of this
steel by a factor of 5 relative to a pure
Tithium thermal-convection loop.

INTRODUCTION

The corrosion of structural materials
by molten alkali metals has been studied for
over three decades. While most of this
effort has concentrated on Na for breeder
reactor applications, some work was done on
Li corrosion in the 1950s and 60s in support
of the aircraft nuclear propulsion program
and successor space-related programs.ls:2 In
recent years, a renewed interest iniLi com-
patibility has arisen because of the
possible uses of Li as a coolant andyor
tritium-breeding fluid in fusion rea#tors.
A review of the literature? on Li co%rosion
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of Fe-base alloys revealed areas needing
clarification and/or further investigation
in view of fusion requirements. The present
program was initjated to study thermal-
gradient mass transfer of stainless steels
in flowing Li. This paper presents results
on the effects of alloy composition,
temperature, and additives to the Li on the
corrosion of austenitic stainless steels hy

slowly-moving Li.

EXPERIMENTAL PROCEDURES

As-received Li was purified before its
use in the loop experiments. The purifica-
tion involved cold-trapping and subseguent
heating at about 815°C for 100 h in a Ti-
lined pot containing ultrahigh-purity Zr
foil. This procedure reduced the nitrogen
and oxygen concentrations to 30-80 wt ppm
and 30-130 ppm, respectively. A typical
analysis of the Li used in the loops is
given in Table I.

TABLE I. TYPICAL ANALYSIS OF THE LITHIUM

Content Content
Element (Wt %) Element (wt %)
Na 0.005 Fe 0.001
K 0.005 Al 0.001
C1 0.005 Li 99,98
Si 0.001 N 0.003-0.010
Ca 0.001 0 0.003-0.013

The thermal-convection loops used in
these experiments were in the approximate
form of a 0.8-m-high by 0.4-m-wide parallel-
ogram and were fabricated from stainless




stainless steel tubing. Figure 1 is a sche-
matic drawing of a typical loop. Strings of
interlocking 25 mm by 12 mm coupons of the
same composition as the tubing were placed
in both vertical legs of the loops and in
some cases in the lower horizontal leg.

The temperature profile around the loop was
controlled to maintain naturally convective
flow with a temperature difference of about
200°C across the circuit. Temperatures were
continuously monitored at four points (see
Fig. 1) by thermocouples in stainless steel
sheaths located in the flowing Li. The Li
velocity was determined by heating a small
spot on the loop wall and measuring the time
for the heat pulse to cause a temperature
rise at a thermocouple Tocated at a known
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dfstanée downstream. The measured veloci-
ties were in reasonable agreement with velo-
cities calculated from heat balances around

the loop.3
The loops and insert specimens were

tested as solution annealed. The weights of
the insert specimens were measured before
and after each loop test to yield profiles
of weight change as a function of loop posi-
tion. Additionally, the ferrite content of
each coupon was measured after exposure to
the flowing Li by determining surface mag-
netic susceptibility. Changes in the com-
position of the near-surface regions of the
specimens were determined by x-ray fluores-
cence, while optical and scanning electron
microscopy were used to characterize
microstructural and topological changes
caused by Li exposure. Various sections of
the Tpop tubing were also examined
metallographically. This verified that
effects recorded on insert specimens were
representative of those occurring at the
adjoining loop wall.

Nine thermal-convection loops were
operated under the conditions listed in
Table II. Loops 1 and 4 were used to estab-
Tish baseline corrosion data for types 304L
and 316 stainless steel, respectively.

TABLE II. OPERATING CONDITIONS OF IH§
LITHIUM THERMAL-CONVECTION LOOPS\@

 y . Max
Loop Alloy A?S;t%;e {ggg (og)
1 304L None 600 200
2 316 None 500 200
3 316 None 550 200
4 316 None 600 200
5 316 None 650 200
6(b) 316 None 600 200
7 316 0.05 N 590 170
8 316 0.17 N 600 200
9 316 5.00 Al 600 200

I
]

%Average Li velocity = 16 mm/s.

(a
. (b)gperated 10,000 h.” All others 3.000 h.




Ihe Li in loop 8 was inadvertently contami-
nated by ambient air during filling,
thereby yielding data characteristic of

flowing N-contaminated (1700 wt ppm) Li
(with 200 ppm 0). Loop 6 was a longer test
(10,000 h) of type 316 stainless steel,
while Toops 2, 3, and 5 were also tests of
type 316 but operated at different maximum
temperatures. Planned additions of Al (as
wire wrapped around the coupon in the hot
leg) and Li3N to the Li were made in loops 9
and 7, respectively, to study their effects
on mass transport of type 316 stainless
steel.

RESULTS

The weight changes of the corrosion
coupons revealed transfer of material from
the hotter to the cooler regions in all
Toops. .he extent of this transfer and the
relative areas of dissolution and deposition
depend on several factors such as time,
temperature, and additives to the Li.
Figure 2 illustrates the dependence of mass
transfer on the maximum loop operating
temperature for type 316 stainless steel.
Weight changes are plotted as a function of
the distance from the bottom of the cold leg
(the coldest point) in the direction of Li
flow (up the h:ated leg). The maximum
weight loss increased by a factor of 4.6.as
the maximum loop temperature (Tpax)
increased from 500 to 650°C. Figure 3 com-
pares the effects of Ni and Al additions to
the Li on mass trans-fer in type 316
stainless steel loops. The Al addition
inhibited corrosion, while the presence of
Ni in Li affected the relative areas of
dissolution and deposition but did not
increase the maximum weight loss. The mass
transfer characteristics of Li in types 304L
and 316 stainless steel loops are compared
in Fig. 4. Also shown are data ﬁrom
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a type 316 stainless steel loop that oper-
ated for 10,000 h. While the weight changes
from the 10,000-h test are greater than the
corresponding 3000-h data, the corrosion
rate is considerably less.

Table III compares the maximum weight
losses among the Toop tests and also the
loop positions at which zero weight changes
were recorded (balance points). The latter
points are designated X3 and Xp in the
heated and cooled sections, respectively. A
consideration of these gqualities for each
loop is required for a complete analysis of
the results (see DISCUSSION). The balance
points are defined to be the positions in
the Toop where the dissolution and deposi-
tion rates were equal. The locations of
these points were determined from the inter-
sections of the abscissa with the weight
change vs position curves drawn through the
measured points. Note that the distance
from X1 to Xp, measured in the direction of
Li flow, divided by the total circuit length
(2.5 m) yields the fraction of surface area
over which dissolution occured.

TABLE III. MASS TRANSFER DATA FOR LITHIUM-
STAINLESS STEEL THERMAL-CONVECTION LOOPS

Balance Points, m(b)

(a) Maximum

Loop .
we}gyﬁzgoss Hot Leg Cold Leg

X1 X2

1 35.6 0.81 1.55
2 11.4 0.79 1.54
3 23.4 0.76 1.76
4 32.7 0.81 1.51
5 52.4 0.76 1.52
6 47.1 0.87 1.50
7 23.4 0.80 1.69
8 20.6 0.87 1.67
9 5.9 0.95 <1.50

(a)Operating conditions in Table II.
(b)Measured from bottom of cold leg in
direction of lithium flow; total circuit
length is 2.5 m.
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analyzed by x~ray fluorescence to determine
the near-surface concentration of Fe, Ni,
and Cr. Concentrations at equivalent posi-
tions around the nine test loops are com-
pared in Table IV in terms of the ratio of
the elemental surface concentration of the
coupon at Tpax to the surface concentration
of that element in a control specimen. An
example of surface concentrations as a func-
tion of loop position is shown in Fig. 5 for
a type 316 stainless steel loop operated for
3000 h at a maximum temperature of 600°C.
The hotter loop surfaces of all loops were
depleted of Cr and Ni. The profiles of sur-
face concentration can be used to establish
the loop positions at which the content of a
given element did not change from the
before-test content. These are determined
similarily to the weight change balance
points and are listed in Table IV,
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FIGURE 5. Surface Concentration vs Loop
Position for Lithium-Type 316 Stainless
Steel Loop Operated 3000 h with Tpax =
600°C.

The magnetic susceptibilities of loap
coupons with weight losses were measured and
translated into qualitative estimates of
ferrite content in the near-surface region.

The amount of ferrite correlated ditectly
i



TABLE IV. )-RAY FLUORESCENCE DATA FOR LITHIUM-STAINLESS STEEL

THERMAL-CONVECTION LOOPS

Balance Point Location,(b) m

Y
Concentration Ratiolal

Loop Hot Leg L - Cold Leg

i Cr Fe Cr N Fe  Cr N
1 0.17  0.37 0.60 0.81 0.70 1.53 1.51 1.94
2 0.24  0.91 0.78 0.98 0.79 1.75 1.77
3 0.14  0.65 0.77 0.76  1.78 1.75
4 0.19  0.58 0.81 0.90 0.72 1.57 <1.50 1.6
5 0.16  0.42. 0.79 0.78 0.74 1.55 1.53 1.86
6 0.18  0.48 0.83 0.91 0.80 <1.50  1.81
7 0.25  0.55 0.85 0.79 1.52 1.8l
8 0.33  0.74 0.77 0.93 0.77 1.75 1.77 1.74
9 1.0 0.86

(a)Ratio of surface percentage on coupon at Tyay to percentage in
%n?xposed material,

b Loop locations where elemental concentration equals that of
control unexposed spccinens; measured from bottom.of cold leg in
direction of lithium flow; total circuit length is 2.5 m. Blanks
indicate that the details of the fluorescence profiles did not allow
an accurate determination of that balance point.

with the weight loss, as shown in Fig. 6.
Ferrite was also detected on certain coupons,
located immediately downstream of the heated
section, that gained weight.
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Cross sections of representative
coupons from each of the test loops were
metallographically examined. Except those
in loops 1 and 9, all coupons with weight
losses exhibited porous near-surface
regions. Finge 7 shows such a surface from
a coupon at the maximum temperature position
(600°C) in a type 316 stainless steel loop.
In contrast, no purosity was found in near-
surface areas of & coupon from a simiiar
position in a type 304L stainless steel laop
[see Fig. 7(b)]. Increased levels of N in
the L1 did naot seem to affect the type of
corrasive attack (see Fig. 8), while the
addition of Al resulted in surface layers
like the one shown in Fig. 9, Electron
microprobe analysis revealed that this

region was enriched in Ni and Al.

FIGURE 7. Cross Sections of Stainless Steel
Insert Coupons Exposed to Flowing Lithium
for 3000 h at 600°C. (a) Type 316. (b)
Type 304L.




i(b)
FIGURE 8. Cross Sections of Type 316 Stain-
less Steel Insert Coupons Exposed for 3000 h
to Flowing Nitrogen-Containing Lithium. (a)
. 1700 wt ppm N, Toax = 600°C. (b) 500 wt ppm
. N, Toax = 590°C.

- ’ . 25 um

FIGURE 9. Cross Section of a Type 316
Stainless Steel Insert Coupon Exposed to
Flowing Li-5 wt % Al for 3000 h at 600°C.

DISCUSSION

In an earlier study4 of the effect of
time on the corrosion rate of type 316
stainless steel in Li thermal-convection
Toops, the rate decreased during an initial
period (1000-2500 h) and then becanie
constant with time. In the present studies,
specimens were examined only after 3000 and

I
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10,000 h. Maximum weight losses aﬁrer these
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tinilré"pcriods are compared in Fig. 10 for
type 316 stainless steel loops operated at
600°C. Note that, in accordance with the
results reported previously, the average
rate over the initial 3000-h period, 10.9
mg/mé (slope of line A in Fig. 10), is more
than twice that over 10,000 h, 4.7

mg/m2 (slope of line B).
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FIGURE 10. Weight Loss vs Loop Operating
Time for Type 316 Stainless Steel in Flowing
Lithium at 600°C. Slopes of lines A and B
give the aveage rates for the two exposure
times.

In all tests, specimens from the hotter
loop regions were depleted in Ni and Cr and,
consequently, enriched in Fe (see Fig. 5,
for example). This depletion caused a
destabilization of the austenitic phase and
led to the formation of ferrite (a-iron).
Similar behavior, although to a lesser
depth, has been observed® for these alloys
in Na. Since a-iron is a magnetic phase, we
were able to correlate magnetic Suscep-
tibility with near-surface ferrite
concentration, which appeared to|be propor-
tional to weight loss up to 3000 h (see
Fig. 6).

Brush® has equated the onset of a
constant corrosion rate in Na—stainless
steel systems to the time when t/e relative




reach the same proportions as the bulk con- |
centrations of the elements in the stainless
steel. The ferrite layer increases”fn
thickness until this steady-state condition
is reached and remains constant thereafter.
We observed that the thickness of the
ferrite layer formed on type 316 stainless
steel at 600°C did not increase between 3000
and 10,000 h. On this basis we assume that
there is no appreciable change in surface
concentration after 3000 h and that the
ratio of the corrosion rates of'Fe, Ni, and
Cr has become equal to the ratio of the bulk
concentrations in the steel and, therefore,
constant with time.

Dissolution rates of types 304L and 316
stainless steel were compared in thermal-
convection loops of the respective steels
operated under nearly‘identicaT conditions
(see Table II). Although the maximum corro-
sion rates differ Tittle between the two
steels, it may be significant that the ‘type
316 stainless steel had the lower corrosion
rate since this observation would be con-
sistent with the finding by Eremias and
Fres1/ that the corrosion rates of steels
in flowing Na increased with decreasing
amounts of stabilizing elements (in this ~
case, Mo). Although the weight changes for
the two steels were similar, .the resulting
surface microstructures were different. The
ferrite layer on the type 304L stainless
steel had very little pdroéity [F{g. 7(b)]
while the layer on the type 316 was ex-~
tremely porous [Fig. 7(a)]. A porous
ferrite layer was also observed on type 321
stainless steel tested under similar |
cond1t1ons,8 and the deve]opment of poro-
$ity could be t1ed to the presence of stabi-
1izing elements (Mo, Ti). A 51m1]aW
observation regarding surface porosity was
made in Na systems and led Stoneham9 to



hypothesize that the stabilizing additives
(Mo and Ti) allow the nucleation of cavities
in the grain boundaries. Careful
metallographic examination of the near-
surface region of exposed type 316 stainless
steel revealed small cavities at grain boun-
daries thut may have served as the nuclei
for the larger voids seen in Fig. 7.

The mass transfer rate of a given ele-
ment 7 in a liquid metal system is conven-—

. tionally described iIn terms of the rate

equation:
Riz) = k(Cg ~ Cy) (1)
where

R;(x) = the dissolution (or
deposition) rate (g/mzh) of
element £ at point x in the
circuit,

%* = a temperature-dependent rate
constant (m/h) for dissolu-
tioq (kg) or deposition (kp),

Cg = the solubility of element %
in Li at té;perature T, and
Cy = the concentration of < in Li

at point & in the circuit,

For any element, in a closed system where
deposition takes place over an area Ap and

dissolution over Ag:

ks(cs - Cx)s 2"7‘ dx -
Ag
‘ (2)
kp(cs - Cm)p 2mp de = G,

4p
where

p = the inside t#be radids and

¢ = net increase|of element 7 in the

véirguit per unit t}me.




Typically, at steady-state ¢ 0, so that

X2
fk(c dxf (cg -C’...pdx.(3)
X1

Therefore, the ratio of the average ¢; — C,
for dissolution to that for deposition
depends on the ratio of the average deposi-
tion and dissolution rate constants, kp/ks:
that is,

(Cg — Cplg/(Cg — Cplp = Rplkg - (4)

Given the magnitude of the weight changes in
the present tests, ¢, does not vary signifi-
cantly around the circuit relative to the
magnitude of ¢z — C,; that is, we can
neglect the variation of ¢, with x.
Although ¢4 increases exponentially with
temperature, for this discussion we will
regard the dependence as approximately
linear within the relatively small tem-
perature interval of our test. Since tem-
perature varies approximately linearly with
distance along the loop, ¢; will increase or
decrease proportionally with distance x from
some arbritrary reference point along the
Toop. For convenience we take our reference
points where ¢, = C,, which are the points
of zero weight change. These balance points
divide the area of dissolution from the area
- of deposition. Note that under the above
assumptions, the difference between the
maximum loop temperature and the temperature
at which zero weight change occurred
establishes the magnitude of (' — Cyp)gs
1ikewise the difference between the minimum
Toop temperature and the zero weight change
temperature establishes




(E;“:TE;)p. We know, therefore, that the
larger the ratio of the dissolution area to
deposition area, the larger must be the
ratio (Cg —Cp)e/(Cs — Calps and by Eq. (4)
the larger the ratio kp/kg.

In considering the present mass
transfer results in terms of the above rate

equations, several general observations are
significant;

1. The deposition area increases and
the dissolution area decreases between 3000
and 10,000 h.

2. The extent to which surface deple-
tion of Ni occurs in the hot zone is not
very sensitive to Typx, but the extent of Cr
depletion depends very much on this
temperature.

3. In all the loop experiments the Cr
starts to deposit fruom the Li at a higher
temperature than does Ni.

4. Enhanced N concentrations in the Li
may slightly increase the area over which
dissolution takes place and correspondingly
decrease the deposition area.

As discussed previously, the ferrite
layer on type 316 stainless steel inserts
from the 600°C Toop tests appeared to reach
a limiting thickness by 3000 h. We
interpreted this observation to imply that
the local corrosion rates had reached steady
state (became constant with time) within
this time period. From Eq. (3) this steady-
state assumption would mean that the deposi-
tion and dissolution areas should also
remain constant with time. The differences
in these areas between the 3000- and
10,000-h tests, however, would not be unex-
pected becadse of the contribution of tran-
sient or non-steady-state behavior to the
3000-h test results.

Table IV indicates that the extent of
Cr depletion at a Tmax Of 509°CHwas



considerably less than that at higher
temperatures, while the depletion of Ni was
significant even at 500°C. This difference
in the temperature dependence of Cr and Ni
depletion does not correlate with any radi-
cal change in the temperature dependence of
Cr and Ni solubilities over this temperature
range (see, for example, ref. 10). There-
fore, since the steady-state ratio of Ni and
Cr fluxes must be constant with temperature
(see above), this difference must be due
either to a difference in the relative
response of the dissolution rate constants
to temperature or tao differences in depasi-
tion kinetics which affect ¢, relative to Cg
[see Eq. (1)]J. The latter possibility can
be assessed by considering the effect of
loop temperature on the locations of the
points at which the Cr surface concentration
equals the bulk concentration (balance
points), as shown in Table IV. MNote the
increase in the relative areas of Cr disso-
lution compared with deposition as

Tmax increases from 600 to 650°C. As
discussed above, the increase in the ratio
of dissolution to deposition area for Cr
implies a change in the relative magnitudes
of the respective rate constants, k, in Eq.
(4) such that &, increases relative to % as
the temperature is increased. This implies
that E; increases with temperature more than
does E;, since a decrease in either rate
constant with increasing temperature is
inconsistent with the expected temperature
response of the physical processes
controlling mass transfer in these systems.
The insensitivity of Ni depletion to maximum
loop temperature implies that both the
dissolution and deposition procesgﬁs change
in approximately the same ‘ “




proportion as a function of temperature and
both play a role in the transfer of Ni
around the circuit.

The data in Table IV also show that the
deposition area for Cr was larger than that
for Ni in every loop. According to Eq. (4),
this observation implies that

(Bl Fgdom < (Bpllglys + (5

This relationship is consistent with the
above-mentioned behavior in which deposition
appears to be relatively more sluggish (that
is, rate-controlling) than dissolution for
Cr transfer around a Toop, while the disso-
lution and deposition processes appear more
equally balanced in determining Ni transfer.

The depletion in Ni and Cr at surfaces
undergoing dissolution is accompanied by an
enrichment of Fe at the surface relative to
its bulk concentration in the stainless
steel (Table IV). This observation coupled
viith a dissolution rate that is independent
of time implies that the rate of Fe dissolu-
tion is controlled either by a chemical
reaction at the surface of by Fe diffusion
in the Li, and not by solid-state diffusion.
Further support for this conclusion is given
by the activation energy derived for the
four type 316 stainless steel thermal-
convection Tloops operated for 300°h. Solid-
state diffusion processes characteristically
require an activation energy in the range
from 170 to 320 kj/mol. However, our
results yielded an apparent activation
energy of 60 kj/mol, which may be consistent
with diffusion of Fe through the liquid Li
boundary layer.4

Two loop tests in this series were
operated with relatively large initiaﬁ N
concentrations in the Li (Table IIIz.q In
both cases the surface areas for di§$k1ution

3
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were greater and the maximum corrosion rates
vere smaller than in tests with purer Li at
the same temperature. Although the limited
amount of available datalQ indicates that
the solubilities of Cr and Ni in Li

increase with increasing N concentration of
the Li, no consistent trend has been
establishedl0 for the solubility of Fe and
Li. It is therefore difficult to interpret
these results in terms of Eq. (4); neverthe-
less, the presence of N in Li conceivably
acts to decrease the magnitude of k; for the
overall system. It is important to note
that the effects of N additions to Li in
these loop tests were very different from
the effects of N in Li observed in static
capsule tests.1l In these tests N additions
caused general dissolution cof type 316
stainless steel at 500°C and grain boundary
attack at 600 and 700°C. However, those
effects were produced only at initial N con-
centrations generally above those reached in
the Toop tests and occurred at surfaces that
were not severely depleted of Cr and HNi.

The effect of Al in Li on the corrosion
rate in these loop tests was dramatic: the
mass transfer rate of type 316 stainless
steel at 600°C decreased by a factor greater
than 5 (see Table III). The Al reacted
rapidly with the stainless steel in the
hotter loop regions to form a thin surface
layer (see Fig. 9). Electron microprobe
analysis revealed that the Al reacted pri-
marily with the Ni and to a lesser extent
with the Fe. The details of this surface
layer and its effect on corrosion rates are
given elsevhere.12,13 It does appear to be
an effective and easily implemented method
of reducing mass transfer in Ni-beéring
alloy-Li systems and possibly for dther Fe-

base structural alloys. \
I



One important test parameter that could
not be treated in these loop tests was the
Li velocity. The present results are rele-
vant to Li systems such as semistagnant
tritium-breeding blankets for fusion
applications. However, to the extent that
Fe dissolution rates are controlled by dif-
fusion in the Li, significantly greater
corrosion rates can be expected in faster
flowing Li systems.

SUMMARY

Lithium in stainless steel thermal-
convection loops with insert specimens in
the heated and cooled regions were used to
siudy the kinetics of mass transfer by
analysis of weight changes and surface
compositions. Both Ni and Cr were preferen-
tially leached from the stainless steel in
the hot zone; however, Cr transfer depended
much more on loop operating temperature than
Ni transfer. The ratio of the average depo-
sition rate constant to the average dissolu-
tion rate constant for Cr was less than this
ratio for HNi.

The leaching of Ni and Cr resulted in a
ferrite layer at the exposed surfaces of
specimens in the hotter loop sections. The
thickness of this layer apeared to attain a
steady state within 3000 h. This implies
that the net flux of Ni, Cr, and Fe moving
into and out of this layer remains constant
with time and that, therefore, the com-
position at any point below the surface must
be fixed with time. The latter condition
requires that the corrosion process be
stoichiometric; that is, Fe, Cr, and Ni
dissolve in the same proportional as their
respective concentrations in the stainless
steel. The activation energy %or the
overall mass transfer process in these Toops
was about 60 kJ/mol. This ene%gy is



consistent with a dissolution and/or deposi-
tion process where the rate of movement of
Fe is controlled by liquid-phase diffusion.
The main effect of enhanced N con-
centration in Li was to increase the area
over which dissolution took place and therby
decrease the magnitude of the mass transfer
rate constant for dissolution. Porosity in
the near-surface ferrite layer at 600°C was
relativley dense for type 316 stainiess
steel and nearly absent for type 304L
stainless steel. The porosity may be asso-
ciated with the presence of carbide-forming
metals other than Cr. The addition of
5 wt % Al to Li resulted in a fivefold
decrease in the mass transfer rate of type
316 stainless steel in Li flowing between
400 and 600°C.
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