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Cr-1 MoVW steel wefe obtained from two thermal
convection loops; one operated from 360 to 505 ° C for 3040 h and the| other from 525 10 655° C for 2510 h. The experimental

cffort was supported by analytical investigations of possible mechanisms of corrosion and mass transport. It was found that
mass transfer is not a simple function of temperature and alloy compc*nem solubility. Above 580 ° C mass transfer appears to
be dominated by alloy solubility via the temperature gradient. Between 450 and 580 ° C, mass transfer appears to be related to
surface reactions involving dissolved carbon and nitrogen in lithium with chromium, and carbides on the steel surface. The

Experimental data on corrosion and mass transport in lithium/lF

corrosion rates, as interperted from weight-change as uniform dissolu

adopted in recent blanket design studies.

1. Introduction

 Because of its excellent heat transfer and tritium
breeding characteristics, molten lithium has been pro-
posed as both a coolant and breeder material for some

. blanket designs. However, lithium’s compatibility with

structure alloys is of concern. Lithium becomes highly
corrosive to austenitic alloys such as types 304 and 316
stainless steel above 550° C, as shown by Hoffman [1].
Ferritic steel alloys have been proposed as a possible
solution to the corrosion problem while maintaining the
desirable properties of high strength and ease of fabri-
cation. Ferritic steels, such as 12Cr-1MoVW, have been
shown by Plekhanov and Fedortsov-Lutikov [2] and
Tortorelli and DeVan [3] to be less susceptible to corro-
sive attack by lithium than the austenitic alloys. How-
ever, Tortorelli (4] showed that carburization, decarburi-
zation and other mass transfer processes, besides simple
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tion, from this work, are significantly lower than those

solubiﬁity-rclated weight changes, were significant for
ferritiq alloys such as 12Cr-1MoVW. The purpose of

the present ‘study is to investigate corrosion and mass

transfer in thermally convected lithium/12Cr-1MoVW
systemis at temperatures higher than those that have
been previously studied and to use the experimental
observations to construct a model which explains the
observed behavior (see Abdou et al. [5]).

2. Exderimental procedure

A $chcmatic of the thermal convection loop (TCL)
experimental design is shown in fig. 1. The body of the
loop was formed by connecting 3.2 cm ID tubing to a
3500 ¢m® surge tank. The specimens were periodically
removed through standpipes on top of the surge tank.
The mass transport specimens for the subject investiga-
tions jwere short tubular pieces (1.9 cm OD, 1.8 ¢m

ID X approximately 3.8 cm long). Each loop contained .

42 specimens (20 and 22 in the heated and cooled legs,
respedtively). The specimen surface area to total lithium -
volume ratio was 34.9 m™! for both loops. The speci-
mens iwere machined with tongue-and-groove ends and

‘ stacked, one on top of the other, to form a continuous
0920-3796,/89,/803.50 © Elsevier Science Publishers B.V. |
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Fig. 1. Schematic of thermal convection loop experiment de-
sign.

tube. The stack of specimens is axially supported by a
specimen sheath tube which provides a close-fitting
annular specimen containment. Prior to insertion in the
loops, the specimens were isothermally annealed for 30
min at 1050°C and 2.5 h at 780°C in argon and then
mechanically polished to 30 and 0.3 pm finishes on the
outside and inside surfaces, respectively, to provide the
starting microstructure and surface characteristics.
Lithium flow was produced in the loops by imposing a
temperature gradient between the two vertical legs of
the loop. Flow is directed through the inside diameter
of the specimens by restricters at the bottom of each
leg. All steel in contact with lithium (TCL and speci-
mens) was 12Cr-1MoVW whose composition was de-
termined to be 85Fe-11.9Cr-1.0Mo-0.7Mn-0.4W—
0.2V-0.18i-0.4Ni-0.2C (wt%).

Two TCL experiments were operated simultaneously
to cover the desired temperature range. Loops GEB-1
and GEB-2 operated from approximately 360 to 505° C
for 3040 h and 525 to 655° C for 2510 h, respectively.
Lithium velocities were estimated to be (7 +2) cm/s,
corresponding to average Reynold’s number of 1400 for
GEB-1 and 1600 for GEB-2.

The lithium used to flush and refill the loops was
purified by cold and hot trapping. Typical chemical

analyses showed less than 25 and 200 weight parts per
million (wppm) for nitrogen and oxygen, respectively.

The specimens were withdrawn at specimen ex-
posure times of 97, 292, 460, 984, 1496, 1996, 2505 and
3040 h for GEB-1 and 95, 292, 459, 1014, 1235, 1497,
1840 and 2510 h for loop GEB-2. Prior to reinsertion,
the specimens were cleaned with water and alcohol to
remove residual lithium, dried and weighed (4 0.0001
g). Samples of lithium were taken from the experiments
several times during the specimen exposure and were
analyzed to provide a chemical history of the loops’
lithium. A more complete description of the loop fabri-
cation, operation and experimental procedures may be
found in Bell [6].

3. Experimental results

Weight change data as a function of specimen posi-
tion and temperature for selected specimens from the
two experiments are shown in figs. 2 and 3. In both figs.
2 and 3, weight change less than zero indicates corro-
sion (net specimen weight loss) and weight change
greater than zero indicates deposition (net specimen
weight gain). The open squares depict weight change,
the closed squares depict the corresponding specimen
temperature, and the arrows point to the appropriate
scale. The heading captions refer to the TCL schematic
in fig. 1, where d7/d x < 0 represents the cooled leg and
dT/dx > 0 represents the heated leg. Weight changes in
GEB-1, T,,, =505°C, were more than an order of
magnitude smaller than those in GEB-2 with T, =
655° C. Weight-loss occurred for most specimens in the
Tinax = 505° C loop. However, specimens in the heated
leg with temperatures greater than approximately 450 ° C
showed significant weight gains despite being at the
highest temperature positions in the loop (fig. 2). Weight
loss did not monotonically increase with temperature
and mass transfer from the heated leg to the cooled leg
was not apparent from the weight change data. In
GEB-2 with T, =655°C, weight losses and gains
occurred in both the heated and cooled legs of the loop
(fig. 3). Weight losses were recorded for specimens at
temperatures above 580 ° C and weight gains were mea-
sured below 580°C. The weight loss for temperatures
above 580 ° C increased rapidly, as compared with the
specimens below this temperature (fig. 3).

Fig. 4 shows scanning electron microscope (SEM)
micrographs of typical specimen surfaces from the
heated and cooled legs of both loops after exposure for
3040 and 2510 h in GEB-1 and GEB-2, respectively.
The surfaces of specimens exposed to lithium at temper-
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Fig. 2. Weight-change and temperature profile for GEB-1, Toax = 505°C.

atures below 450° C in GEB-1 were characterized by a
“pebbled” or roughened appearance (fig. 4a). Speci-
mens exposed at temperatures between 450 and 505° C
in GEB-1 showed faceted “nodules” which first ap-
peared at the grain boundaries of the pebbled surface
(fig. 4b). Semi-quantitative, energy-dispersive X-ray
(EDX) analysis of the nodules showed them to be
composed of chromium and iron, but chromium-rich in
comparison to the base material. The ratio of chromium
to iron increased with increasing temperature. X-ray
diffraction patterns of specimen surfaces heavily popu-
lated with such nodules clearly showed the presence of
M1;C where M may consist of the metallic constituents

chromium (Cr) and /or iron (Fe). The presence of these
nodules accounted for the net weight gains in the hot-
test portions of GEB-1. The same type of M;;3Cy nod-
ules on a pebbled substrate were found on the surfaces
of GEB-2 specimens between 530°C and 570°C (fig.
4c). Between 570 and 655°C, and the carbide nodules
disappeared and the surface was characterized by larger
pebbles (fig. 4d).

EDX analysis of the pebbled specimen surfaces re-
vealed depletion in chromium to between 4 and 10% by
weight from the original 11.9%. The amount of chro-
mium depletion from the underlying base material in-
creased with temperature.
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Fig. 3. Weight-change and temperature profile for GEB-2, Tonax = 655°C.



424 G.E. Bell et al. / Mass transport processes of 12Cr—1MoVW steel

Fig. 4. Scanning electron microscope micrographs of 12Cr-1MoVW steel exposed to lithium. (a) GEB-1. 360 ° C; 3040 h; 2000X. (b)
GEB-1, 500 © C; 3040 h; 2000X (c) GEB-2, 530 ° C; 2510 h; 2000X. (d) GEB-2, 655°C; 2510 h; 2000X.

Chemical analyses of the lithium for nitrogen by
micro-Kjeldahl showed that the loops reached average
steady-state concentrations of 76 and 26 wppm in GEB-1
and GEB-2, respectively. The average oxygen con-
centrations were determined by fast-neutron activation
and increased from approximately 200 to 500 wppm for
both GEB-1 and GEB-2, probably due to contamina-
tion during sample insertion and removal. However,
due to the extreme thermodynamic stability of Li,O,

oxygen does not affect the corrosion of steels in lithium

(1].
4. Thermodynamic predictions of corrosion behavior
Increased weight losses in chromium-containing

steels with increasing nitrogen in lithium have been
determined to be due to the formation of a ternary



hthmm chr, xmum mtnde compound on the steel by

. many mvesugators. (e.g. Hoffman [1], Barker et al. [7],
“and Callaway"[8]) “In particular, Barker et al. [7] has

“identified the Eompound to be LigCrN;. We assume the
reaction ‘1s glven in eq. (l)

5 Li;N +‘C:3L19CrN5+6Li. o (1)

The free energyof formation for eq. (1) can be obtained
by subtracting the free energy of the products from the
reactants. Based on free energy data of Pulham and
Watson [9] and Natesan {10}, activity data for chro-
mium in steels, and assuming lithium nitride obeys
Henry’s Law, it is possible to predict the theoretical
equilibrium nitrogen concentration in lithium at which
LigCrN; forms on a chromium containing steel. The
resulting curve is plotted in fig. 5 along with the average
surgetank nitrogen levels for both GEB-1 and GEB-2 as
determined by the micro-Kjeldahl method. The curve is
consistent with the surgetank nitrogen level measured in
loop GEB-1. Such agreement strongly indicates that the
corrosion reaction shown in eq. (1) determined the
nitrogen concentration of the GEB-1 experiment and
thus plays an important role in the overall corrosion
and mass transfer processes for this system. This curve
indicates that at temperatures below 450° C if samples
of a chromium-bearing alloy are brought into contact
with lithium containing more than 80 wppm nitrogen,
then a weight loss will occur due to the formation and
subsequent removal during cleaning of the insoluble
ternary compound, LiyCrNjs, and not simply because of
the dissolution of the alloy components in the lithium.
On the other hand, if a chromium alloy forms, the
ternary compound surface layer at some temperature
where the equilibrium nitrogen concentration is [N*]

{wppm)
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Fig. 5. Equilibrium nitrogen concentration in lithium for reac-
tion 5 Li;N + Cr = LioCrNy +6 Li with chromium on steel.

G.E. Bell et al / Mas.v transport processes of 12Cr-1 MoVWsleel

surface of the’ steel m order‘ o try and regam
librium, or if the temary compound is not present the:
it cannot form because the mtrogen acuvnty is too l
Such a process can occur in loop systems thh 1z
temperature dxfferennals (AT> 100°C), where there is
a flow of lithium from regions with different equi-’
librium nitrogen contents. Further investigation of the -

_roles of the ternary corrosion product and dissolved

carbon on the formation of the M,,C, nodules is war- -
ranted by these results (see [6]).

5. Discussion

Solubility-driven thermal gradient mass transfer (i.e.
mass removal in the heated leg and deposition in the
cooled leg by differences in solubility) did not appear to
be significant in GEB-1 with T,,,, = 505° C. The weight B
change data in fig. 3 for GEB-2 with T, =655°C ?
showed both mass removal and deposition occurring
throughout the loop. Thermal gradient mass transfer ;
did appear significant at the higher temperatures of 5
GEB-2. Similar changes in behavior as a function of .
Tax had been earlier observed in TCL experiments ’ ‘
with 12Cr-1MoVW characterized by lower lithium tem- - . - - ﬂ
perature, mass flow rate and Reynold’s number by :
Tortorelli [3,4]. The magnitude of the weight changes in
this investigation was consistent with previous investiga-
tions at lower temperatures (Chopra and Smith [11,12],
Tortorelli and DeVan [3] and Tortorelli [4]). However,
mass transfer rates and weight changes were between a
factor of 4 or 5 lower than were estimated in design |
studies (e.g. Smith et al. [13)).

As discussed in Section 4, equilibrium between the
steel and lithium determines the nitrogen content of the
loops in the low temperature experiment. Small weight
losses below 450 ° C were probably due to formation of
an adherent, protective film of Li,CrN, (Barker et al.
[7]) during loop operation and the subsequent removal
of the film during specimen cleaning. This would
account for the near uniform weight losses between 360
and 450° C. At higher temperatures, above 570° C, the
behavior is more indicative of solubility-driven dissolu-
tion transport. This behavior would indicate that the ;
LigCrN; is less adherent at the higher temperatures or, :
alternatively, that mtrogen at the levels found here no
longer control the corrosion (i.e. LigCrN; can no longer
form as mdxcated by the pomt for GEB-2 in fxg 5)
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The appea:ance of the exposed speclmens is also

_ . similar to that ‘which was previously investigated. The
S pebbled” base material surface beneath the faceted

""",.’nodules persists on all the specimens exposed to lithium
-in this and other-studies by Tortorelli {4] with ferritic
alloys. The size of the surface pebbles was seen to

~-increase with -increasing temperature - (figs. 4a-4d).
_ Surface chrormugx contents were highest at intermediate
temperatures where the M,;C, nodules are found. It is
not clear whether the observations of chromium deple-
tion, surface “pebbling” and M,,C; nodule formation
were related. However, surface chromium content
decreased with increasing pebble size and temperature.

As noted above, the M,,C¢ nodules were only pre-
sent at temperatures between 450 and 570°C, and
growth of these carbide nodules accounts for the net
weight gains in hottest portion of GEB-1. The nodules
appeared first ‘and disappeared last at the grain
boundaries of the specimens where carbides on the steel
surface served as nucleation sites for subsequent growth.
Qualitatively, more nodules were present on the GEB-2
than the GEB-1 specimens. The fact that more nodules
appear in the higher 7, system was probably due to
more chromium and carbon available from dissolution
and decarburization processes which readily occurred at
the higher temperatures. The chromium to iron ratios of
the surface M,,Cs nodules were consistent with those
found in 12Cr-1MoVW by Vitek and Klueh [14]. The
_ similarity of such features to those observed in indepen-
dent loop experiments of Tortorelli and DeVan (3],
Tortorelli [4] and Chopra and Smith (11,12} emphasizes
the importance of chromium and carbon reactions and
subsequent transport (possibly via ternary nitride corro-
sion product and M,,C; nodule formation) in the tem-
perature range of interest for ferrous alloy-lithium sys-
tems, as has been suggested previously by Barker et al.
(7} and Tortorelli {4].

As discussed by Bell {6] and Bell et al. [15], the
formation of M,,C, deposits may be related to surface
products from reactions with nitrogen and pre-existing
carbides, particularly at the grain boundaries, on the
_ steel surface. The temperatures (450 to 570 ° C) at which

the nodules occur are near the 520°C (sigma-phase)
solidus [16) phase boundary and the theoretical maxi-
mum of the equilibrium nitrogen in lithium (eq. (1)) as
indicated by fig. 5. The presence of lithium and/or a
lithium/ nitrogen/ chromium corrosion product may af-
fect the kinetics of the carbide phase formation and
growth. In parucular, a change in chromium solubility
- at the 520°C solidus may decrease chromium activity
- on the steel surface. However, regardless of the mecha-
‘nism by which such nodules form, it is apparent that

~in the design of heat transport systems uuhzmg“ Fe—Cr
“alloys thh lithium. e v

the formauon of the surface nodules and other -surface
reactions must be considered i in any mass transfer ‘model
of lxthlum-Fe-Cr(-Nl, ‘Mn) systems and, ec1f1cally,

6. Conclusions'

(1) Mass transfer in lithium /12Cr-1MoVW systems is
not simply a function of temperature nor is it sim-
ply solubility driven. Absolute temperature as well
as temperature differential are both important.

(2) Mass transfer in systems operating above ~ 580°C
appears to be controlled by temperature gradient
mass transfer from higher to lower temperature .
regions. ‘Between 450 and 580°C, mass transfer
appears to be related to surface reactions involving
carbon and nitrogen in the lithium and chromium,
and carbides, on the steel. Below 450°C, weight
loss may be due to formation and removal of the
LigCrN; corrosion product on the steel surface.

(3) Corrosion rates, as interpreted as a uniform dissolu-
tion rate, were not as severe as estimated in recent
design studies.

(4) Exposure of 12Cr~1MoVW to lithium produced a
“pebbled” base material surface for all specimens.
The size of the pebbles increased with temperature
and ranged in size from 0.10 to 10 s of wm Result-
ing surface chromium contents were between 4 and
10 wt%. Formation of M,;C, nodules occurs over a
very specific temperature range of 450 to 570°C.
This range is close to the theoretical maximum of
the nitrogen concentration in lithium in equilibrium
with LiyCrN; and includes the sigma-phase solidus
phase boundary on the Fe~Cr phase diagram.

(5) The formation of surface M,;C, nodules as well as
the role of the chromium reaction products must be
considered in any mass transfer model of Li/Fe-
Cr(-Ni, Mn) systems and, specifically, in the design
of heat -transport systems uuhzmg Fe-Cr alloys
with lithium,
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