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A thermal-convection loop of Fe-12 Cr-1 Mo VW
s t e e l c irculated pure l ithium between 500 and 35O°C
for 10,083 h. Periodic weighings of coupons at di f -
ferent temperatures around the loop revealed small
weight lo s ses and corrosion rates . Surface ana lys i s
showed a r e l a t i v e l y th in corrosion layer with an
underlying carbide-free zone and some deplet ion of
chromium from the hot te s t specimen. While some mass
transfer of chromium and nickel was detected, t h i s
mechanism did not strongly influence the weight l o s s
process as i t does with a u s t e n i t i c s t e e l s . Therefore,
i t appeared that reactions with carbon and nitrogen
must be the dominant corrosion processes such that
weight loss was maximized at the lowest temperature
(35O°C). Overall, the l i t h i u m - s t e e l react ions in the
cemperature range of th i s experiment were r e l a t i v e l y
s luggish and the corrosion was not severe.

1. INTRODUCTION

In recent years , f e r r i t i c s t e e l s have gained
Increased importance as candidate s tructural a l l o y s
for magnetic fusion energy appl icat ions ( 1 , 2 ) . One of
the c r i t i c a l requirements for such an appl icat ion i s
the compatibi l i ty of these s t e e l s with poss ib le reac-
tor coolants and tritium-breeding mater ia ls . Possible
coolants include l iquid ne ta l s ( l i thium, lead- l i thium,
sodluu) , helium, and water. The material for trit ium
breeding could be a l i thium-containing rcetal (such as
molten lithium or lead-l i thium) or ceramic (for
example, Li20) . In each case , the nature and extent
of the appropriate compatibi l i ty react ions must be
understood in order to completely a s se s s the use -
fulness of a particular ferritic steel for fusion
reactor applications. In the present paper, we report
results from a corrosion study of a Fe-12 Cr-1 Mo V.,'
steel exposed to molten lithium In a thermal convec-
tion loop operating between 500 and 35O°C. Addition-
ally, the observed behavior of this steel Is qualita-
tively compared to results of previous work with
austenitic stainless steel at similar temperatures.

The principal processes that contribute to the
corrosion of materials by liquid metals are dissolu-
tion, alloying, Intergranular penetration, impurity
transfer from or to the liquid metal, and thermal- and
concentre t lon-grad lent mass transfer. Thermal gra-
dient mass transfer is an Important concern In any
nonIsothermal liquid metal system such as a fusion
reactor using lithium as a coolant and/or tritium
breeding fluid. The present experiment provides a
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means for determining the kinetics of any dissolution
and deposition processes that would result in the net
transfer of material in a nonisothermal lithium-
Fe-12 Cr-1 Mo VW system. If excessive, such dissolu-
tion and deposition can lead not only to significant
wall thinning and/or loss of mechanical integrity by
dissolution, but also to severe flow restrictions and
concentrated radionuclide accumulation outside the
reactor core structure.

Much of the earlier lithium corrosion work with
ferritic steels has l i t t l e applicability to fusion
applications because of the test temperatures (higher
than fusion designs) and either high or uncontrolled
impurity levels in the lithium. Work prior to 1975
has been reviewed in (3). More recent work has
involved studies of carbon transfer in static Hthlura-
ferritic steel systems (A,5) and of dissolution of
Fe-12 Cr-1 Mo VW and Fe-9 Cr-1 Mo steels in non-
isot-hermal flowing lithium with various nitrogen
concentrations (6).

2 . EXPERIMENTAL PROCEDURES

The corrosion r e s u l t s presented below were
obtained using a l ithium thermal convection loop (TCL)
of the type shown schematically in Figure 1. The
lithium density gradient caused by the imposit ion of a
temperature di f ference of 150°C (5OO-35O°C) across the
loop resulted in a l ithium v e l o c i t y of approximately
25 tnm/s. Such a slow rate would be c h a r a c t e r i s t i c of
lithium being used as a semistagnant tr i t ium breeding
f lu id . The loop Is designed to allow the coupons to
be inserted and removed from the hot and cold legs
without stopping the lithium flow. In t h i s way, spec -
imen weight and microstructural changes can be
measured as a function of exposure time. In addit ion ,
the locat ion of specimens in both the hot and cold
legs permits the measurement of any mass transfer t e n -
dencies . Samples of lithium for chemical ana lys i s can
also be taken without disrupting flow. In order to
avoid any corrosion e f f e c t s due to the presence of
d i s s imi lar metals In the same lithium system, the loop
was constructed of the same a l l oy as the specimens
(Fe-12 Cr-1 Mo VW) while the rods on which the s p e c i -
mens were attached were of a very s imilar a l l oy
(Fe-9 Cr-1 Mo).

The lithium used In the loop was purif ied by cold
trapping and subsequent heating at 815°C for 100 h in
a tItanlum-llned pot containing zirconium f o i l .
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Figure 1. A thermal convection loop with accessible
corrosion coupons.

Typical impurity concentrations of the purified
lithium were 30 to 80 wt ppm of nitrogen and 30 to
130 wt ppm of oxygen as measured by a micro-Kjeldahl
technique and neutron act ivat ion analys is , respec-
t i v e l y . The nitrogen and oxygen concentrations of the
loop lithium were subsequently measured at three dif-
ferent times during the course of this study (see
below).

The Fe-12 Cr-1 Mo VW loop specimens were rec-
tangular coupons (measuring ~25 x 8 x 1 mm) of the
composition given in Table I. Prior to exposure, the

specimens were normalized and tempered (0.5 h at
1050°C, 2.5 h at 780°C); the resulting s tart ing
mlcrostructure i s shown In Figure 2. The coupons were
then polished and placed at th? indicated posit ions In
the hot (H) and cold (C) legs of the TCL (see Figure 1) .

Figure 2. Polished and etched cross -sect ion of nor-
malized and tempered Fe-12 Cr-1 Mo VW character is t ic
of the loop specimens prior to exposure to l ithium.

The specimen weights were measured 11 times
during the 10,088 h of their exposure to lithium in
the thermal convection loop (TCL). In addition, cor-
ners were clipped from the coupons after 5065 h of
exposure for metallographic examination of polished
cross -sect ions , After 10,088 h, a second raetallo-
graphlc analysis was performed. At that time,
electron probe microanalysis of selected specimens and
scanning electron microscopy with associated energy
dispersive x-ray analysis were also used to assess the
e f f ec t s of long-term lithium exposure on the surface
structure and composition of Fe-12 Cr-1 Mo VW s t e e l .

3. RESULTS

As described above, the nitrogen and oxygen con-
centrations of the Fe-12 Cr-1 Mo VW loop lichium were
measured three times during loop operation. The
resulting data are shown in Table II. Note that the
operating time used in the table is not the same as
specimen exposure time due to the periods during which
the specimens were removed from the loop for weight
change determination and lithium sampling.

Table II. Concentrations of Nitrogen and
Oxygen in Loop Lithium

Table I. Composition of
Fe-12 Cr-1 Mo VW
Specimen Material

_, ConcentrationElement ( u t %)

Cr
Mo
V
w
Mn
Ni
Si
C
Fe

11.0
0 .8
0 . 3
0 . 5
0 . 6
0o4
0 . 3
0.13

balance

Loop
Operating

Time
(h)

3,384
10,222
13,320

Equivalent
Specimen
Exposure

Time
(h)

Concentration in Li
(wt ppc)

Nitrogen Oxygen

2,649
7,328

10,088

24
26
64

81
t>0
24

In contrast to the general behavior observed in
nonlsothunul liquid metal corrosion loops (8 ) , i l l
loop speoLmens suffered very small weight losses (In
certain c.ises, at the l imits of de tec tab i l i ty ) and, in
general, the weight losses of the cooler specimens
were as graat or greater than those of the hotter
coupons. In fact , the largest cumulative weight loss



was measured for the specimen at the lowest tem-
perature (350°C). A close examination o£ the weight
change data revealed that the weight losses were about
the same around the loop (except at 350°C), and that
greater than half of these total weight losses were
recorded after just the first 522 h of exposure (see
Table 111). Furthermore, with the exception of the
500 and 35O*C specimens, the weight change behavior
between 522 and 10,088 h showed no discernable trend
with tine (for example, see Figure 3). In these
cases, weight losses tend to be offset by weight gains
during other intervals such that no trend of
increasing weight loss with exposure time could be
established. At 500°C, weight loss increased slightly
with time (see Figure 4) while at 350"C a definite
general monotonic increase of weight loss occurred as
a function of exposure time (see Figure 5).

Metallographic examination of polished and
etched cross-sections revealed a complex microstruc-
ture consisting of a dark surface layer above a
carbide-free zone. Figure 6 compares the
cross-sections of the loop specimens at the maximum
and minimum temperature positions and at two inter-
mediate locations (corresponding to the specimens for
which weight losses are reported In Figures 3—5).
Note that the dark-etching surface layer is much
thicker and more continuous at the position of minimum
temperature.

Table III. Weight Losses of Fe-12 Cr-1 Mo VW
Exposed to Thermally-Convective Lithium

Coupon
Temperature

CO
Coupon

Position

Weight Loss (g/m2)

in 522 h in 10,088 h

500
500
480
460
440
420
4 00
425
415
400
380
365
3 50

Hot Leg
Hot Leg
Hot Leg
Hot Leg
Hot Leg
Hot Leg
Hot Leg
Cold Leg
Cold Leg
Cold Leg
Cold Leg
Cold Leg
Cold log

5.7
4.0
6.6
6.8
5.4
5.7
4.6
6.3
5.7
4.3
5.4
4.0
8.3

10.8
6.8
7.4
9.4
5.1
7.7
7.1
8.0
6.0
5.4
6.8
6.8

22.8

The distributions of Iron, chromium, molybdenum,
and carbon across the cross-sectionaL areas shown in
Figure 6 for the 10,088 h exposures were determined by
wavelength dispersive x-ray analysis using an electron
mlcroprobe. The data appeared to be consistent with
the presence of carbide-free zones as observed by
optical metallography; in each of the four cases,
relative chromium depletion to about 6 wt % was
detected at approximately 10 to 20 ym below the sur-
face. Some concentration of chromium between this
zone and the surface was noted for the four specimens
but there is uncertainty as to the validity of these
results because of Inaccuracy in determining the exact
electron beam position with respect to the nd^es of
the specimens caused by the somewhat open nature of
the dark layer and Che presence of the mounting epoxy.
Furthermore, higher chromium concentrations In these
areas may be an artifact of the polishing process;
chromiura enrichment at such surfaces has sometimes

occurred during specimen preparation. Data for Iron
reflected only relative changes in the chromium con-
centration while l i t t l e change in molybdenum levels
was noted.

Energy dispersive x-ray data taken with the
electron beam normal to the lithium-corroded surfaces
in a scanning electron microscope revealed depletion
of chromium from the 500"C specimen (relative to un-
exposed Fe-12 Cr-1 Mo VW stee l ) . This is shown quali-
tatively by the data in Table IV, which l i s t s ratios
of Ka transition peak intensities for Fe-12 Cr-1 Mo VW
steel in the unexposed and lithium-exposed (500, 440,
415, 35O°C; 10,088 h) conditions. Such analysis of
the specimens exposed at the lower temperatures showed
surface enrichment in chromium and nickel. However,
the scanning electron micrographs revealed that rela-
tively l i t t l e change in surface structure was induced
by the lithium exposure.

Table IV. Ka Peak Ratios for Specimens of
Fe-12 Cr-1 Mo Steel Exposed to Thermally-

Convective Lithium for 10,088 h

Temperature
Ka Peak Ratios

(°c>

500
440
415
350

Unexposed
Hot
Hot
Cold
Cold

Leg
Leg

Leg
Leg

Cr/Fe

0.150
0.093
0.356
0.362
0.248

Si/Fe

0.021
0.003
0.004
0.004
0.004

Ni/Fe

0.000
0.000
0.006
0.009
0.010

4. DISCUSSION

The weight loss of the hottest and coldest speci-
mens (shown In Figures 4 and 5, respectively), both
generally increased with exposure time. (The magni-
tude of the weight loss at intermediate temperatures
was too small to define a time dependence for these
specimens.) Under the assumption of linear kinetic
behavior [as has been shown previously for austenitic
alloys in lithium (7 ) ] , least-square f i t s of the
weight losses as a function of time were used to yield
approximate "steady-state" dissolution rates. Using
data for exposure times greater than 1000 h, the
average rates at 500°C (specimens H2 and H3) and 350°C
were 0.4 mg/(m2-h) and 1.0 mg/(m2*h), respectively.
The 500°C rate Is the same as that measured at 500°C
for type 316 stainless steel exposed to thermally con-
vecttve lithium over an extended period of time (8).
It was anticipated that the steady-state dissolution
rates of type 316 stainless steel and Fe-12 Cr-1 Mo VW
steel would indeed prove similar since the dissolution
process controlling the weight loss of the former
steel produces a ferritic surface layer similar In
composition to the latter steel . However, it Is now
obvious that there are basic differences In the mass
transfer behavior of the two .illoys. A lithium-type
316 stainless steel TCL, operating between 500 ar,d
300°C (9), exhibited weight losses in the hotter
regions and weight gains In the cooler regions whereas
only weight losses were measured In the Fe-12 Cr-
1 Mo VW stoel loop. Such differences In weight change
profiles Indicate that the corrosion mechanisms wore
not the same for the two steels under the conditions
tested, and the explanation tor the similarity in
corrosion r.ites is not ,»s straight-forward as first
assumed.
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Figure 3. Weight loss versus exposure tirae for Fe-12 Cr-1 Mo VH s tee l In thermally-convective lithium.
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Figure A. Weight loss versus exposure time for Fe-12 Cr-1 Mo VW steel
in therraally-convective lithium at 500"C (maximum loop temperature)
a t loop positions H2 (hot leg surge tank) and H3 (top of hot leg).
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Figure 5. Weight loss versus exposure time for Fe-12 Cr-

1 Mo VW s t e e l in thermally-convective lithium at 35O°C
(minimum loop temperature).
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Although movement of steel components from hotter
to cooler regions was not apparent in the weight
change daca, the results from the energy dispersive
x-ray analysis of selected surfaces does suggest that
a net transport of certain alloy components did result
from the temperature gradient. This is most apparent
from a consideration of the Cr/Fe Ka peak ratios in
Table IV which indicate that surface chromium was
depleted at 500°C and enriched at lower temperatures.
In addition, there is some evidence that there was
movement of nickel to the loop's colder region since
measurable surface concentrations of nickel were only
detected on the cooler loop specimens. [The rela-
tively small amount of nickel in the starting material
(see Table I) precludes any measurement of nickel
depletion.] Therefore, with respect to mass transfer
of these two elements, the behavior of the Fe-22 Cr-
1 Mo VU s tee l ' i s similar to that for type 316
stainless steel, which undergoes nickel, and to a
lesser extent, chromium transfer from hotter to cooler
loop surfaces in molten lithiura (9). However, the
magnitude of such transfer in the former system i s
obviously not sufficient to control the overall
corrosion process.

The depth of the observed carbide-free zones
(Figure 6) correlated well with the locations of
reduced chromium concentration noted by mlcroprobe
examination of polished cross-sections (see Results
section). The lack of carbides in these zones i s con-
sistent with reduced chromium concentrations. THUS,
there is evidence for the movement of chromium to the
lithiura-exposed surfaces In both the hotter and cooler
loop regions. However, the energy dispersive data in
Table IV suggest that this movement of chromium was
accompanied by dissolution of chromium in the hottest
region and possible deposition of this chromium in the
cooler areas of the loop. The migration of chromium
to lithium-steel interfaces can indicate a tendency
for impurity reactions at these surfaces. Indeed, a
Li9CrN5 product has been identified (10) and possibly
observed (11). In addition, a dark surface layer very
similar in appearance to those shown in Figure 6 has
been observed on type 316 stainless steel at 500°C in
nitrogen-contaminated lithium (12). Accordingly, a
plausible explanation for the unusual weight change
profile (maximum loss at the coldest point) Is Chat a
corrosion reaction Involving nitrogen (or carbon)
impurities predominates at tha 350°C temperature posi-
tion, such chat the reaction products that form in
this temperature range are more soluble than those
forming elsewhere In the loop [for example, there is a
definite temperature range of stability of the nitride
in the chromium-lithium system (11)]. At 500°C, the
expected dissolution process may be more dominant than
the impurity reactions but s t i l l not contribute as
much to weight loss. Similar weight change behavior
was found in another study (6): a larger weight loss
of Fe-12 Cr-1 Mo VW steel in flowing lithium was
measured at 427°C than at 482°C.

Such an Impurity-controlled overall corrosion
process ns postulated above would Indicate that
imparities such as carbon and nitrogen In the steel
and lithium will play a key role In the corrosion of
Fe-12 Cr-1 Mo VW steel at 500°C and below. Such reac-
tions may occur despite the low Impurity levels In the
lithium (see Table II); the steel can act as a source
of both carbon and nitrogen. (The stability of
lithium oxide precludes .my effect of oxygen on the
corrosion of s tee l . )

Consideration of the above results and discussion
and previous work with type 316 stainless steel In

thermally-convective lithium shows that while nickel
mass transfer is s t i l l dominant in a Fe-Cr-Ni system
operating between 500 and 300°C for 3000 h (9), Impu-
rity effects probably control the corrosion process In
Fe-12 Cr-1 Mo VW steel lithium circuits operated under
somewhat sir.liar temperature conditions. This does
not necessarily mean that impurity effects would not
play a role In lower temperature llthlura-austenitic
alloy systems. In fact, impurities such as nitrogen
and carbon may have an important Influence on deposi-
tion processes in the cold legs of such systems (7).
Conversely, at temperatures significantly greater than
500°C, conventional mass transfer may become much more
important in nonisothermal Fe-12 Cr-1 Mo VW stee l -
lithium systems.

Despite the observed corrosion processes
described above, the corrosion of the Fe-12 Cr-1 Mo VW
steel in thermally-convecttve lithium between 500 and
350°C was not excessive after 10,088 h. The weight
losses and corrosion rates were small and the
microstructure was not altered by the corrosion proc-
ess to any great depth (Figure 6). The reactions were
sluggish; most loop specimens did not exhibit much
change in weight or surface structure, particularly
after the f irst few thousand hours of exposure (see
Figures 3 and 6). Severe corrosion under such con-
ditions should not be expected unless there is an
abnormally high nitrogen activity in the lithium or
the steel .

5. SUMMARY

An Fe-12 Cr-1 Mo VW s t e e l exhibited small weight
l o s s e s and corrosion rates during 10,088 h of exposure
in a lithiura therraal-convection loop fabricated of the
same s t e e l that operated between 500 and 350°C. Some
mass transfer of chromium and nickel was detected.
However, based on a consideration of the weight change
data, surface ana lys i s , and prior r e s u l t s for a u s t e n i -
t i c a l l o y s , react ions with carbon and nitrogen were
deduced to be the principal corrosion processes .
However, the react ions In the temperature range of
t h i s experiment were r e l a t i v e l y s luggish and corrosion
was not severe.
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