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CORROSION OF TYPE 316L STAINLESS STEEL IN A MERCURY THERMAL
CONVECTION LOOP

S. J. Pawel, J. R. DiStefano, and E. T. Manneschmidt

ABSTRACT

Two thermal convection loops fabricated from 316L stainless steel containing
mercury (Hg) and Hg with 1000 wppm gallium (Ga), respectively, were operated continuously
for about 5000 h. In each case, the maximum loop temperature was constant at about 305°C
and the minimum temperature was constant at about 242°C. Coupons in the hot leg of the
Hg-loop developed a porous surface layer substantially depleted of nickel and chromium,
which resulted in a transformation to ferrite. The coupon exposed at the top of the hot leg
in the Hg-loop experienced the maximum degradation, exhibiting a surface layer extending an
average of 9-10 um after almost 5000 h. Analysis of the corrosion rate data as a function of
temperature (position) in the Hg-loop suggests wetting by the mercury occurred only above
about 255°C and that the rate limiting step in the corrosion process above 255°C is solute
diffusion through the saturated liquid boundary layer adjacent to the corroding surface. The
latter factor suggests that the corrosion of 316L stainless steel in a mercury loop may be
velocity dependent. No wetting and no corrosion were observed on the coupons and wall
specimens removed from the Hg/Ga loop after 5000 h of operation. '

1. INTRODUCTION
The Spallation Neutron Source (SNS) is a research facility that will generate neutrons
via interaction of a 1.0 GeV proton beam and a flowing mercury target. Type 316L/316LN
stainless steel (SS) has been selected as the target containment material based on a favorable
combination of several factors, including gesistance to corrosion and radiation damage and

the absence of a significant ductile-brittle transition temperature [1].

The energy deposited in the target is transported by two separate mercury flow
streams: one to transport heat generated in the interior target region and one to cool the

containment vessel where it intersects the proton beam. Three dimensional computational

*Research sponsored by the U.S. Department of Energy, Spallation Neutron Source
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fluid dynamics simulations of the expected conditions in the target presently predict a
maximum bulk mercury temperature of about 160°C. Further, assuming adequate thermal
contact, the maximum container wall temperature is expected to be about 130°C. The

nominal temperature of the mercury entering the target is expected to be near ambient.

One of the potential compétibility problems under investigation in support of the
SNS Project is thermal gradient mass transfer. In this form of corrosion, dissolution of the
container material by the liquid in relatively high temperature (higher solubility) regions is
accompanied by deposition of solute in relatively colder regions [2]. As a result, corrosion of
the high temperature region is not limited by system equilibrium and is potentially accelerated
over what would be experienced in an isothermal/stagnant system. In addition, in the cold
regions, deposition of solute material has been known to cause flow problems and can even
plug flow paths in liquid metal loops [3]. Among the major alloying elements of stainless
steels, nickel is expected to have the highest solubility in mercury [4] at SNS operating

temperatures, and therefore this element may be the most susceptible to mass transfer.

At the expected SNS operating temperatures, pure mercury does not readily wet
316L/316LN SS. Without chemical wetting (characterized macroscopically by a low contact
angle), any potential corrosion process is inhibited. However, mércury can be made to wet
316L/316LN in an air environment by raising the temperature to 225-275°C [5]. Despite
the relatively low operating temperatures, wetting may be promoted in the SNS by the
presence of hot spots, radiation damage in the presence of Hg, and by the generation of fresh

(oxide-free) surfaces that result from potential cavitation and thermal shock/fatigue loading




to which the target material will be exposed. Accordingly, to examine potential “worst case”
corrosion, it is desirable to develop wetting in the tests for material compatibility with

mercury.

To examine the potential for thermal gradient mass transfer in the liquid mercury
target system, two thermal convection loops (TCLs) fabricated from 316L SS were operated
for about 5000 h. Both lovops were operated at temperatures higher than expected in the SNS
to obtain wetting and exacerbate corrosion. One loop was operated with pure mercury as the
fluid while the other was operated under identical conditions with 1000 wppm of gallium
added to the mercury. Because gallium has a reputation as an aggressive metal that wets
many materials and because it has some solubility in mercury (even at room temperature),
the gallium was added to the mercury in an attempt to increase the tendency of the liquid
metal to wet the stainless steel specimens and containment. This document describes the

operation of the TCLs and the results obtained.
2. EXPERIMENTAL

Loop Assembly and Experimental Procedure

Loop Fabrication

A schematic of the thermal convection loop design is shown in Fig. 1 and an assembled loop
is shown in Fig. 2. The loop proper was fabricated of mill-annealed 316L SS welded tubing
(25.4 mm OD, 1.8 mm wall) with a composition given in Table 1. The thermocouple wells
“were 316L SS seamless tubing (6.4 mm OD, 0.7 mm wall) that protruded about halfway into
the flow channel from the ID surface. Valves and other metallic accessories (connectors,

containers, transfer lines, etc) were also 316 or 316L SS.
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Fig. 1. Thermal convection loop design. The diagram is roughly to scale; distance
between thermocouple wells on each vertical section is 67 ¢m in the actual
loop.
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Each loop was fitted with a string of 316L SS coupons wired together in each of the
heated and cooled vertical sections (typically termed the “hot leg” and “cold leg,”
respectively). The coupon design is shown in Fig. 3 and the coupon composition is given in
Table 1. The coupons were stacked together and interlocked via the square notch on each
end of the specimen. [Alternating coupons are thus turned 90° to each other to facilitate
close spacing with little movement relativerto each other.] A continuous 316 SS wire (about
0.50 mm diameter) was looped through the small holes in the corner of each coupon in order
to secure the specimens in the close-packed arrangement. The end of each wire was welded
to the bottom of each respective vertical leg to keep the chain of specimel;xs from floating to

the top of the mercury.

Each specimen string consisted of 32 coupons. The specimens were individually
numbered, cleaned ultrasonically in acetone, and weighed prior to assembly of the chain. All
specimens and wires were handled with gloves and tweezers during the stacking and wiring
activities. Once in place, coupons in the chain extended the entire length of each vertical
leg (between the thermocouple well positions).

Table 1. Composition of 316L SS loop tubing material and coupons. Data
from mill certification for material, given in weight percent.

Loops Coupons

C 0.013 0.018
Cr 16.75 16.10
Ni 10.19 10.10
Mo 2.12 2.15
Si 0.34 0.50
Mn 1.84 1.73
Cu 0.30 0.29
S 0.014 0.005
P 0.028 0.028
N 0.046 ©0.030
Cb 0.17 —
Fe

bal bal
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Fig. 3. Coupon for exposure inside thermal convection loop. Dimensions given in
inches from shop fabrication drawing.

After fabrication and coupon placement, the loops were filled with methanol as a
final leak-check of the assembly. However, during this procedure, it became apparent that
the 316L SS loop tubing had not been adequately cleaned in the course of fabrication. The
primary indicator of poor cleanliness was discolored methanol with machining chips/debris
drained from the ldop after the leak check. In addition, a black residue was collected on a

cotton swab dragged along the tube ID. Subsequently, rinsing with trichlorethylene (ambient




- and again heated) proved unsuccessful for removing the black residue from the tube ID.
However, a steam treatment (50 psig, two 10-minute periods, steam in at top of hot leg,
condensate out bottom of cold leg) was found to be relétively effective for removing the
remaining machining debris and all but tiny traces of the black residue. After two subsequent
flushes with methanol and vacuum drying, the loops were deemed ready to be filled with

mercury.

Filling with Mercury

The absolute purity of the mercury used in these experiments is not known, but
chemical analysis of representative samples yielded no metallic contaminants present above
the detection limit (typically 50-100 ppb) except for silver (85 ppb) and silicon (about 100
ppb). No gas analysis was performed. (Prior to use in these experiments, the mercury was
stored in sealed steel containers under a small amount of air for many years.) Immediately
prior to use in these loops, the mercury was poured through cheesecloth to remove the small -
amount of debris (oxides) floating like a sheen on top of the mercury. Following this

“filtering” the mercury appeared very shiny and free of floating debris.

Loop #1 was alternately evacuated (internal pressure a few microns of mercury) and
filled with helium several times. Subsequently, the loop was evacuated and filled with mercury
from the reservoir at the top (the ullage of which was also evacuated/purged with helium).
Approximately one atmosphere of stagnant helium was used as a cover gas for the mercury in
the loop. The loop was warmed to near operating temperature and the excess mercury

(expanded above fill line at room temperature) was drained off through a side arm of the

loop.




Loop #2 was similarly filled with mercury (Hg) to which 1000 wppm of gallium (Ga)
had been added. The required amount of Ga was added (in the form of small chips) directly
into the loop (via opening at the top of the cold leé). The loop was subsequently evacuated
and backfilled with helium several times to remove as much air (oxygen) as practical,
finishing with the loop in the evacuated state. Using heat tape, the reservoir of Hg (on top
of hot leg) was heated to about 100°C, as were the heated portions of the loop. The warm
Hg was then allowed to drain into the evacuated loop. All valves were allowed to remain
open for a few hours (to permit communication between the entire volume of Hg and the
dissolved Ga) while a low temperature gradient was established in the loop to encourage
mixing of the Ga in the entire Hg volume. After a few hours, the loop was raised to

operating temperature and excess Hg/Ga drained from the side arm.

Loop_ Operation

Clamshell-type furnaces were placed on the vertical hot leg (2) and on the near-
horizontal lower portion of the loop (1). The control temperature of the lower furnace was
kept somewhat below the temperature of those on the vertical hot leg to help maintain the
mercury flow pattern. The vertical section of each cold leg was cooled by compressed air
delivered from three roughly equi-spaced copper tubes with outlets placed close to the outer
loop surface. After a few days of furnace and airflow adjustments, each loop was “stabilized”
such that the temperature of the mercury at each thermocouple position became constant
within about £2°C. Loop #1 was operated without interruption for 4760 h and Loop #2 was

operated without interruption for 5000 h at the nominal temperatures given in Table 2.

The flow rate of the mercury inside the loop was determined using a localized
“temperature spike” test. In this procedure, a propane torch was used to heat a small area in

the middle of the roughly horizontal section at the top of the loop for about 15 seconds.
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The time required for the resultant temperature “spike” to reach each thermocouple in
sequence around the loop along with the distance between thermocouples was used to estimate
the velocity of the mercury. The mercury flow rate along the tubing axis was found to be
approximately constant at 1.0 m/min in each loop over the duration of the experiment.
Table 2. Nominal temperatures at each “corner” of the thermal convection loops.

Strip chart print out of temperatures for each thermocouple indicate
+/- 2°C drift over the duration of the experiment at each location.

Bottom of hot leg 268°C
Top of hot leg 305°C
Top of cold leg 280°C
Bottom of cold leg 242°C

Nominal temperature gradient 63°C

3. RESULTS

Loop #1

This loop was terminated after 4760 h of uninterrupted operation. After about an
hour of cooling, the mercury was drained from the loop via the valve near the bottom of the
cold leg. The post-test mercury appeared very bright and shiny (as when it was poured into
the loop). However, entrained with the last few milliliters of mercury drained from the loop
was a small amount (approximately one gram) of dull, olive green/gray powder, which had
apparently been floating on the top of the mercury. Analysis of the green/gray powder is

discussed in a subsequent paragraph.

Handling as gently as possible, the loop was subsequently cut (dry, using a tubing

cutter and a jeweler’s saw) in strategic locations to free the coupon chains in each of the
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vertical legs. At least small portions of each specimen from the hot leg exhibited residual
adherent mercury, and the coupons appeared generally darker in color/luster compared to
unexposed coupons. In the cold leg, residual mercury was observed adhering to the surfaces of
the coupons on the top two-thirds of the chain and, similar to the hot leg coupons, these
coupons also had a somewhat darkened luster. However, the coupons at the bottom of the
cold leg (essentially the lowest 12, a specific demarcation was not obvious), were relatively
free of adherent mercury and appeared relatively shiny compared to the other coupons

exposed in this loop.

Loop tube sections were cut open longitudinally, and these revealed largely smooth
surfaces with only minor areas with adherent mercury. Based on visual assessment, the tube
walls dppeared generally more shiny with less adherent mercury compared to the coupons of

corresponding position.

To prepare for photography and reweighing, all of the coupons were wiped,
ultrasonically cleaned in acetone (about 1 h), and dried in a jet of air. Figure 4 shows the 32
hot leg coupons ~ following cleaning - arranged in order of descending position. The surfaces
all show some darkening compared to the luster of unexposed coupons, although there are
small areas/spots of much brighter luster on some coupons. Figure 5 similarly shows the 32
cold leg coupons following cleaning. Note that the bottom 12 or 13 coupons (those exposed
at the lowest temperature) exhibit mostly a shiny luster compared to a much darker luster on

coupons closer to the top.




Fig 4. 316L SS coupons exposed in the hot leg of loop #1. Coupons 1-8 in the top
ow, 9-16 in the second row, efc.

Ce8u85616-1

Fig. 5. 316L SS coupons exposed in the cold leg of loop #1. Coupons 1-8 1n top
row, 9-16 in second row, gic. :

Weight change as a function of position (temperature) is shown in Fig. 6.

Temperature at each coupon position was estimated by assuming a linear temperature
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variation between thermocouples at the top and bottom of the coupon rack. The maximum
weight loss (coupon at the top of the hot leg, temperature 305°C) corresponds to a uniform
general corrosion of about 3.8 um/y (or about 2.1 pum of uniform surface removal) over the
duration of the loop exposure. With only minor scatter, weight loss is a smooth and regular
function of temperature until the temperature becomes so low that apparently no corrosion

(no wetting) of 316L occurs in mercury.

e hot leg
129  |acoldleg

g
A

4 A ..
2 A o

0 4 _l_l_um.l“_l_uq_l_u.l_
230 250 270 200 310

Specimen Temperature (°C)

Specimen Weight Loss (mg)
L g

Fig. 6. Specimen weight loss as a function of temperature (position) in loop #1.

Representative coupons were mounted in cross section for standard metallographic
preparation. Figure 7 is representative of the coupon from the top of the hot leg
(temperature 305°C). In the as-polished condition, it reveals a shallow “reaction zone” at
the specimen surface which appears to be significantly altered from the composition/structure
of the base material. This affected region is relatively uniform in appearance (porosity) and
depth (average is about 9-10 pm, maximum is about 12 pum) on all exposed surfaces of the
coupon. When viewed in the metallographically etched condition, the reaction zone appears

to advance preferentially along grain boundaries as indicated in Fig. 8.
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Fig. 7. As-polished cross section of 316L SS specimen from the top of the hot leg
(305°C) in loop #1 [98-1797-01].

2x=10um .

18% Oxalic

Fig. 8 Etched (10% oxalic acid, electrolytic) cross section of 316L SS specimen
from the top of the hot leg (305°C) in loop #1 [97-1797-04].
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A similar region of attack was observed on the surface of the coupon from the middle
of the hot leg (temperature 288°C). Corresponding to lesser weight loss, however, the
corroded layer is much thinner on (average 4-6 um) on this coupon. Near the bottom of the
hot leg (temperature 275°C), the reaction zone is barely perceptible (1-2 pm thick) at 500X.
At the top of the cold leg (280°C), the reaction zone appears similar to that from the middle
of the hot leg at a similar temperature. At the bottom of >the cold leg (242°C), no reaction
zone is evident and no deposit of any type was observed. Only the original coupon surface

roughness is apparent (representative metallography in Fig. 9).

Figure 10 shows a backscattered electron image of the as-polished cross section of the
specimen from the top of the hot leg (305°C). This photo reveals the surface to be very
porous and that the pores are apparently connected (open) in the three-dimensional matrix.
The light colored particles within the attacked area were identified by microprobe analysis to
be tiny beads of mercury (apparently resistant to specimen cleaning efforts). [In fact, during
prolonged exposure in the scanning electron microscope (SEM) vacuum chamber, a small

bead of Hg was observed to be drawn to the surface of the specimen.]

Microprobe chemical analyses were performed at a number of locations across the
“corroded” region and into the base material. The “corroded” region was found to be
completely depleted of Ni and about 70% depleted of Cr. While present in a smaller overall
amount, the Mo concentration in the réaction zone was not significantly different from that

in the bulk material.
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The composition gradient at the interface between the depleted surface material and
the- adjacent substrate (and bulk) material is very steep. A representative microprobe scan is
shown in Fig. 11 along with the area from which the microprobe data was collected. The
scans compare the elemental concentrations in material just barely on the liquid metal side of
the reaction zone interface (spot centered 6.8 pum from the outer surface) with material just
barely on the bulk-side of this interface (spot centered 83 um from the outer surface).
Further microprobe analyses revealed the composition of the “corroded” region to be the
same evérywhere, énd the composition of material just barely on the bulk side of the reaction ‘

zone interface matched that of the stainless steel very far removed from the interface.

$10

2
<
p-3
(=3
o
T28%
0]
1546 |
728 -
364l
sl |
1821
s} | Surface side
of interface
0 L od L d
182
Bulk side
of interface
© h keV
1.00 200 3.00 4.00 5.00 .00 7.00 8.00 9.00 10.00

Mo Cr Cr Fe Fe Ni

800714

Fig. 11. Representative microprobe data from 316L specimen from the top of the
hot leg (305°C) in loop #1. Note that peak associated with nickel is absent
from the scan on corroded material and the peaks associated with chromium
are significantly reduced.
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Coupons from other locations in the loop were also examined with the microprobe. The
composition of the “corroded” region appears essentially independent of the loop/Hg
temperature and layer thickness. No “corroded” region was detected on coupons from the

bottom-most portion of the cold leg.

Rutherford backscattering (RBS) analysis was also performed on a limited number of
coupon surfaces. Analysis was made directly on the exposed sample surface as opposed to a
cross section mounted in epoxy. The activation volume of the analysis technique includes a
hemisphere of radius about 0.5 pm. Consistent with the microprobe results, RBS revealed
that the extreme outer surface of coupons exhibiting the reaction zone is severely depleted in

nickel and chromium.

The green/gray powder that was collected from the residual mercury drained from the
loop was analyzed by x-ray diffraction. The diffraction pattern indicated the powder was
primarily amorphous in nature and contained substantial Hg. Computer processing and
analysis techniques were used to separate the sﬁlall crystalline component of the pattern, and
the results indicate that the crystalline component of the powder is primarily NiO with some
amount of (Cr,Fe),0;. In addition, a small amount of HgCl is suspected to be in the reaction

product.

A Ferritescope (Fischer model #MP3C), typically used for measurement of ferrite
content in an austenitic stainless steel weld, was used to confirm transformation to the ferrite

phase at the surface of the exposed coupons. Semi-quantitative results correlating the

magnetic response of the surface with the weight loss of the individual coupons are shown in
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Fig. 12. Specimens of the loop tubing were also cut for metallographic analysis. No attack

(reaction zone) was detected on the tube ID at any position around the loop.
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Fig. 12. Relationship of surface ferrite measurement and coupon weight loss in loop #1.

Loop #2

This loop was terminated after 5000 h of uninterrupted operation. When the Hg
with 1000 wppm Ga was drained from this loop, it was initially very shiny. After a few
moments of exposure to room air, however, the Hg/Ga mixture began to form a dark gray
scum that floated on the mixture surface and aggressively clung to the glass beaker surfaces in
which it was contained. Unlike Loop #1, no green/gray powder material was observed among

the last few milliliters of material drained from the loop.

When the coupons were removed from this loop, they were found to be uniformly
very shiny (no dull luster like many specimens removed from Loop #1) and no trace of
Hg/Ga was observed (with the unaided eye) adhering to the coupons. As before, specimens
were also cut from the loop walls. Like the coupons from this loop, they were found to be

very shiny and apparently not wet by the Hg/Ga mixture.
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During initial cleaning, it was apparent there was little Hg/Ga or corrosion product(s)
to be removed from the specimens. After cleaning, none of the specimens were found to
have a detectable weight change compared to the initial coupon weights (measured to %

0.00002 g on specimens with 10.6 cm?® of exposed area).

Metallographic analysis confirmed the absence of any attack or deposit on coupons
exposed in Loop #2. No “corroded” layer was observed on coupons from either leg of the
loop or on specimens taken from the loop walls. Similarly, no deposit was observed in either
location. The speéimens appeared unchanged from the original slight surface roughness.
Microprobe analysis and other techniques failed to detect more than trace Hg or Ga on the
surfaces of the specimens. No ferromagnetic potential was detected on any of the 316L S

surfaces exposed in Loop #2.

4. DISCUSSION

Wetting (or lack thereof) is clearly a dominant factor in the corrosion of the 316L
SS TCLs and specimens. In Loop #1 (pure Hg only), the 316L SS specimens were apparently
wet by the liquid mercury at temperatures above about 255°C. This was evidenced by‘the
specimen appearance (development of a dull luster rather than shiny appearance), post-test
examination revealing at least small amounts of somewhat adherent mercury on the
specimens exposed above this temperature, and the weight losses and metallographic changes
on coupons exposed above this temperature. Metallographic and microanalytical
examination revealed a shallow reaction zone in 316L SS in Hg at these temperatures
exhibiting substantial Ni and Cr leaching from the exposed surfaces leading to significant

porosity and transformation of the “corroded material” to ferrite. Similar porous layers
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associated with selective dissolution of Ni and Cr have been observed for type 316 SSin Li

[6,7] and Pb-17%Li [8,9].

The extent of porosity in the reaction zone was roughly estimated from SEM
photographs of the surface attack by using a graph paper overlay and summing the pore area
in the entire “corroded” zone defined by the width of the photograph and the deepest extent
of attack. Using this procedure for the greatest average reaction zone thickness (Fig. 10,
deepest attack 9 um in this view), the pore area of the corroded zone was estimated to be
23% for the coupon from the top of the hot leg. This value is significant in that 23% of the
attacked volume of 316L corresponds to a mass loss of 0.017 g for the 316L coupon at this
position, and the actual measured weight loss was 0.015 g. The loss of essentially 100% of
the Ni and about 75% of the Cr which have been leached from the surface layer, as shown by
the microprobe analyses, is also consistent with a loss of about 22% of the base material. [As
expected, then, the extent of metallographic attack (9-10 pm) should be 4-5 times that
predicted by uniform weight loss (2.1 pm).] Taken togethgr, these results indicate that Ni
and Cr leaching account for the total porosity, and mass loss of Fe from the 316L SSis not
participating in the corrosion process in a significant way. This conclusion assumes that the
small amount of mercury found in the surface layer pores did not contribute significantly to
the weight change measurement. It also assumes that the coupon dimensions are not
changing during the exposure and that the volume of ferrite layer (including porosity) is
equivalent to the parent austenite volume. Although none of the coupons (including those
experiencing the greatest extent of corrosion) exhibited a measurable thickness change, the
thickness tolerance of a coupon is about + 25 or 30 um, as is the ability to measure coupon

- thickness, so any change in actual thickness would be below the measurement tﬁreshold.
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Neither the ferrite on the surface of the corroded specimens nor the austenite
immediately adjacent to the ferrite reveals a composition gradient. Although only one data
point from the end of exposure time at each temperature is available, the absence of a
concentration gradient in the parent stainless steel substrate (adjacent to the ferrite) indicates
the rate limiting step for the leaching reaction is not solid state diffusion (Ni and Cr) in the
austenite. Similarly, the absence of a composition gradient in the ferrite indicates the layer
itself is not a substantial barrier to further leaching. Potentially, the phase transformation
could accelerate the transport of Ni and Cr at the ferrite/austenite phase boundary.
Furthermore, the open porosity in the ferrite layer may provide mercury “channels” that

also act to decrease diffusion distances considerably.

One possible effect of radiation ¢high dpa) in austenitic stainless steels is radiation-
enhanced diffusion of nickel [10,1.1]. Potentially, this factor could increase
availability/leaching' of Ni into the Hg in the actual SNS target compared to the TCL
exposures. This is not expected to be a large factor, as the distances over which enhanced
diffusion might occur are small. Other factors - such as the influence of radiation and
radiation products on wetting and the mechanism by which Ni is rejected from solution in the

Hg - could also have an influence.

Because the transformation to ferrite generates a magnetic phase (parent austenite is
not magnetic), the magnetic response of the target coﬁtainment surface could potentially be
used as a non-destructive test to estimate the extent of corrosion. A correlation of magnetic
response of the surface with coupon weight loss appears in Fig. 12. The magnetic response
of the corroded 316L SS surface correlates closely with the extent of weight loss and

metallographic attack.
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Coupons (or TCL walls) exposed at temperatures below about 255°C did not reveal
any signs of attack (no change in coupon luster, no ferrite development, no weight
change - loss or gain) and, below this same temperature, no wetting of the coupons
apparently occurred. The solid material found floating on top of the Hg at the termination
of Loop #1 may represent material dissolved from interaction of Hg and coupons at
'temperature above 255°C, and rejected from solution in the cold part of the TCL. If wetting
had developed in the colder portions of the loop, this material presumably would have been
deposited on the cold leg surfaces. However, the absence of wetting at relatively low
temperatures may have prohibited deposition in favor of simple precipitation from solution
due to supersaturation. This result has implications for the operation of the SNS in that it
suggests deposition of corrosion products in the cold portions of the SNS is unlikely without
treatments designed to increase wetting of the containment surface. Further, some type of
skimming/filtering may be useful to maintain the cleanliness of the target mercury, although

removal of corrosion products could enhance the dissolution process.

An important consideration in evaluating these results is the observation that the
TCL tube walls (both loops) did not appear wetted or attacked at any position around the
loop. This is somewhat confounding, particularly for Loop #1, in light of the fact that the
loop walls act as a heat transfer surface and are therefore at a slightly higher temperature
than the corresponding hot leg specimens inside the loop (which showed attack and,
presumably, wetting). Presently, it is suspected that the steam cleaning procedure employed
on the loops after fabrication was not as effective as the cotton swab wipe test might have
suggested, and that a residual film of some type inhibited wetting and, therefore, corrosion.
Another possibility, of course, is that the steam treatment itself led to the development of a

very wetting-resistant oxide/hydroxide on the tube walls.
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The velocity of the liquid metal was very reproducibly found to be 1 m/min
(3.3 ft/min) in both TCLs via the “témperature spike” test. The temperature spike routinely
persisted one complete circuit of the loop and occasionally somewhat farther. Another
reproducible observation associated with this test was a temperature decrease at each
thermocouple preceding the temperature increase associated with the moving hot spot. It is
suspected that the introduction of a significant localized heat flux for the temperature spike
test temporarily slows or even stops the flow of liquid metal in the loop. As a result of the
flow disruption, the liquid metal preceding the hot spot around the loop flow direction is
. exposed to increased cooling time in the cold leg. Thus, the introduction of a hot spot

simultaneously creates a “cold spot” slightly ahead of it.

Clearly, the “temperature spike” test is not necessarily a very precise method to
determine flow rate in these TCLs. In particular, it was routinely observed that increasing
distance around the loop tended to obscure the precise time (and peak height) associated with
the arrival temperature spike at each thermocouple. In view of the high thermal

conductivity and relatively slow-moving fluid, this complication is not unexpected.

Accordingly, to further confirm the approximate flow velocity in the TCLs, a crude
heat balance was performed on the hot leg. This was accomplished by calculating the mass
velocity of Hg that would undergo a temperature increase from T1 (bottom of hot leg) to T2
(top of hot legj on applicaiion of a known power input passing through the hot leg.

Mathematically,

(mass Hg) x (average heat capacity) x (T2-T1) = (power input) x (heating time) [1]




25
where heating time is the residence time of the flowing Hg as it rises from T1 to T2, and
(mass Hg) / (heating time) = mass velocity [2]

The total heat input to the hot leg between the thermocouples was measured (volts,
amps, and fraction of furnace time in “on” mode are all known) and the average heat
capacity of Hg between T1 and T2 determined from a standard handbook. The TCLs
described here were not instrumented for estimating heat losses, but Glatron and Wood [12]
~ calculated a power efficiency of about 70% considering convective and re/ldiative losses in a
similar size/shape/insulated TCL containing molten salts. (The conduction losses along the
vertical length of the hot leg were not included, but these may be significant for a slow
moving liquid of high thermal conductivity such as Hg.) The mass velocity in Eqn. 2 can be

correlated to linear velocity as follows:
mass velocity = (tube cross section area) x (Hg density) x (velocity of Hg) [3]

In this manner, the velocity of Hg in the TCLs was estimated to be about 1.8 m/min.
In view of the Very approximate estimate of heat loss due to convection and radiation for
this specific experimental arrangement and the fact that conduction losses along the hot leg
have not been included, this is considered acceptable confirmation of the “temperature spike”

method to determine flow velocity.

Compared to the flow rate expected in the SNS target (order of 1 m/s), the flow rate

developed in the TCLs described here (1 m/min) is relatively small. Velocity effects could be
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significant if the rate controlling step in liqﬁid Hg corrosion of the target containment
(316L SS or any other material) is the rate at which boundary layer solute is moved to the

bulk liquid, as discussed below.

For simple solution of metals/alloys in a liquid metal, the rate of mass loss (corrosion

rate) can be described as
mass flux into solution = (rate constant) x (solubility driving force) [4]

Epstein [2] postulated that the rate constant for this process falls in to one of two
major categories. [His analysis did not consider the case of solid-state diffusion controlled
mass transfer; however, previous discussion herein indicates diffusion of Ni and Cr in the
austenite or ferrite does not appear to be rate-limiting.] In one case, the rate constant is
related to the diffusion coefficient of the dissolved species in the liquid. In such a case, solute
atoms rapidly enter the liquid at the solid/liquid interface and tend to saturate the boundary
layer with solute. The rate controlling step for the process then becomes how quickly the
solute atoms can diffuse from the saturated boundary layer into the bulk solution to
encourage further dissolution. In this case, the rate constant is expected to be dependent on
the liquid velocity (actually Reynolds number), as velocity influences the thickness of the
boundary layer and thus the diffusion distance and mixing into the bulk. The contrasting case
assumes that transfer of the solute to the solid/liciuid boundary and/or transport across the
solid/liquid boundary is the rate limiting step in the solution process. In such a case,

saturation of the boundary layer is not a factor and thus this mechanism tends to be relatively

independent of liquid velocity.
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Reaction rates for processes involving an activation energy, such as diffusion, are

described by an Arrhenius typé of equation, typically of the form
K = koexp(-Q/RT) ' [5]

where k, is a constant, R is the gas constant, T is absolute temperature, and Q is the
activation energy for the rate-controlling step of the process. In the case of liquid diffusion
or reaction-rate controlled processes, the solubility driving force (Eqn. 4) is the differencp in
the equilibrium solute concentration at the solid/liquid interface (Cg,) and the bulk solute
concentration (Cpy). Along with the rate constant, k, Cg, is itself a function of

temperature as
Cqx = kiexp(-AH/RT) . - [6]

where k; is a constant, R and T are as in Eqn. 5, and AH is the heat of solution for the

corroding element.

For the liquid diffusion controlled case, Epstein [2] develops a number of equations
describing the dynamic corrosion rate (noting many parallels to heat transfer calculations)
and, using a number of simplifying assumptions for the case of a saturated boundary layer,

concludes that

d In (corrosion rate) /dT = Q/RT 71
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is an adequate approximation. If this analysis applies to the present data, it followé that a
plot of In (corrosion rate) vs 1/T would yield a straight line with slope —Q/R. Using this
approach, the plot in Fig. 13 was developed. A straight line fits the data well with the
exception of the lowest temperatures of the hot leg. The slope of the line in Fig. 13 suggests
an activation energy for the rate limiting step in the corrosion/dissolution process of about

3 kJ/mol.
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Fig. 13. Analysis of weight loss data following the approach of Epstein [2].

Tortorelli and DeVan [6] used a somewhat more complex treatment, taken largely
from Holman [13], to derive a relationship to analyze corrosion rate as a function of
temperature for a TCL. They used the concept that the corrosion rate (CR) could be

described as

CR = (rate constant) x (dC,/dT) x (AT) (8]
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for cases in which the rate constant and the variation in AH were small over the temperature
range of interest. Here, AT is the temperature difference between the temperature of interest
and the temperature at the point in the hot leg where the corrosion rate is zero. Using

Eqn. 8 in conjunction with expressions similar to Eqn. S and Eqn. 6, the expression
In[CR x T¥AT] = In[KAAH/R] — (Q+AH)/RT [9]

was derived. If this treatment describes the process, a plot of Inf[CR x T*/AT] against 1/T
should yield a straight line from which the sum of the activation energy and AH for solution
can be determined. The present data for Loop #1 were analyzed in this fashion and the result
is shown in Fig. 14. Again, a line fits the relatively high temperature data best. In this case,
the sum of the activation energy ;nd heat of solution for this approach was calculated to be.

approximately 2 kJ/mol.
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Fig. 14. Analysis of weight loss data following the approach of Tortorelli and
DeVan [7].
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Both approaches assume that corrosion rates have reached a steady state (i.e., are
constant with time). HoWever, the data here represent only end-of-test and may not
identically represent steady state. Another source ;.)f error is the observation that the porous
surface, despite cleaning efforts, tends to hold tiny amounts of Hg which could distort weight
loss measurements. In addition, the temperature at each coupon position is not precisely
known. The close (but not precise) agreement of cold leg and hot leg coupon weight loss at
equivalent temperature (Fig. 6) suggests only a small uncertainty in the temperature. [One of
the subtleties of the results here is that, all other things equal, one might expect the weight
loss of the hot leg coupons to actually be slightly greater than that for the cold leg coupons
at the same temperature. In principle, mercury in the hot leg is picking up solute (Cyyy is
increasing) as the mercury moves toward the cold leg. In the cold leg, solute concentration
~apparently occurs by rejection of solute from mercury as a function of decreasing
' temperature. However, it seems reasonable to postulate that some amount of “supercooling”
is required to nucleate an insoluble precipitate in the cold leg. Therefore, Cy,y is slightly
higher in the cold leg than in the hot leg at equivalent temperature, and therefore, less
corrosion should occur in the cold leg. Figure 6 shows that the cold leg coupons actually
reveal slightly greater weight loss. Considering heat conduction along the thermocouple
wires, a possible explanation for this minor deviation is that the hot ~leg thermocouples, being
better insulated, tend to read a little high and the cold leg thermocouples, without any
insulation, tend to read a little low compared to the actual coupon temperature.] Finally, in
the second approach considered, some error is no doubt introduced through the selection of
the temperature at which the corrosion rate in the hot leg is zero. In this case, 255°C was

selected based on the shape of the curve in Fig. 6, although no coupons in the hot leg actually

reached a temperature this low.
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Even in consideration of these potential errors, the activation energy for the
Hg/316L corrosion procéss determined from both of these treatments is so low that solid
state diffusion (solution rate limited corrosion) does not appear to be a factor. Rather, the
very low activation energy suggests that a reaction, such as a phase transformation, or liquid

state diffusion is controlling.

One possibility for liquid state diffusion control is the situation in which solute atoms
(Ni and Cr) rapidly enter the liquid from the ferrite and tend to saturate the liquid boundary
layer with solute. The rate at which the process proceeds is then controlled by fhe rate at
which soiute atoms f:an diffuse from the boundary layer to the bulk liquid. At the initiation
of the leaching process (parent austenite or very thin ferrite layer exposed to Hg), diffusion
distances in the solid are short. At longer times, the ferrite layer becomes thicker and
porous, but the mercury in the pores may function to keep the diffusion distances for
transport of Ni and Cr to the liquid short. However, at some point in the process, the
mercury in the pores may become sufficiently occluded from the bulk mercury that bulk
velocity has only minimal influence on the boundary layer. In such a case, a low activation
energy for the process would be expected but the process would be less dependent on bulk

velocity.

The addition of gallium to mercury was intended to promote wetting of the 316L S
by mercury. However, the apparent absence of corrosion that resulted in Loop #2 suggest an
inhibition of wetting by gallium. We felt it desirable to perform compatibility tests in which
the Hg readily wets the subject material in order to reveal any corrosion tendency in the
target system which will operate at a lower temperature. In particular, it is recognized that

actual operating conditions of the SNS may involve factors that tend to cause wetting of the
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containment material (at relatively low temperatures) that can not readily be duplicated in
lab tests. For example, in a high radiation field, radiation damage at the containment surface
may tend to implant Hg in the surface or otherwise influence the interaction of the surface
with the environment. High stresses, very high cycle fatigue loading, and potenﬁal
- cavitation all may tend to open cracks or create fresh surfaces (no oxide layer) which may be
readily wet by Hg. In any case, examination of compatibility under conditions in which

wetting by Hg is achieved represent a “worst case” in terms of corrosion of target materials.
g oy : g

The decision to add gallium to mercury as a potential “enhancement” to wetting was
based primarily on the fact that gallium itself is known to be an aggressive liquid metal which
- wets many different materials. Further, Ga is at least slightly soluble in Hg (even at room
temperature) which facilitates the physical addition. Subsequent to the initiation of the TCL
tests, short term exposure tests in-a glove bok indicated [5] Ga additions to Hg had little or
no influence on wetting of stainless steels at temperatures below about 200°C. However,
“inhibition” of wetting due to addition of 1000 wppm of gallium to the mercury and exposure
at 300°C was not anticipated. Only traces of Ga were detected on the surfaces of the coupons
exposed in Loop #2, so it is unlikely that the role of Ga is related to a surface reaction/film.
Perhaps Ga influences the solubility of Ni and Cr such that dissolution is retarded, but this
possibility has not been investigated. At present, future work in this area includes operation

1™ 718 loops using Hg and Hg/Ga as the working fluids for comparison with the

of Incone
present results. [Inconel™ 718 is presently considered to be an alternate material selection

to type 316L stainless steel for the target containment.]
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5. CONCLUSIONS

Wetting of 316L SSin a mercury. TCL (max temp 305°C, min temp 242°C) only
occurred above about 255°C and only on the “cleanest” surfaces. On wetted specimens, a
surface region substantially depleted in Ni and Cr formed, leading to transformation of the
parent austenitic 316L to ferrite and development of significant porosity at the exposed
surface. Iron does not appear to participate significantly in the corrosion/dissolution
process(es). Limited analysis of the weight loss data as a function of temperature (position)
in the Hg-loop indicates that the rate-controlling step in the 316L/Hg corrosion process has
a very low activation energy. The low activation energy process suggests control by solute
diffusion in the saturated liquid boundary layer adjacent to the corroding surface as opposed to
solid state diffusion of solute to/across the solid/liquid boundary. The latter observation
suggests corrosion of the 316L SS target material could be sensitive to Hg velocity. However,
the pores in the ferrite layer (in which the transport from solid to liquid occurs) may be

sufficiently occluded to minimize velocity effects.

The small Ga addition to the Hg in a second TCL was expected to enhance wetting
and, therefore, corrosion. In fact, no weight change in 316L coupons or change in
appearance of tube wall specimens was observed. Compared to the Hg-loop, this suggests that

the Ga addition discouraged or inhibited wetting of 316L by mercury.
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