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1. EXECUTIVE SUMMARY

Molten salt reactors, particularly the fluid-fueled types, pose unique considerations with regards to
compatibility of materials with molten salt coolants during operations. A sound understanding of
materials compatibility would be crucial to monitor and manage the life-time performance of nuclear
structural components. In a previous report [Raiman 2021], several technical gaps were identified,
including the lack of systematic data collection using static corrosion methodologies, and testing
standards. Though this report did not attempt to develop a standard for molten salt corrosion static
experiments, it provides insights on key experimental parameters used to assess molten salt compatibility
of structural materials in static halide salts that could aid development of test standards. In addition, the
report advances the understanding of materials compatibility in MSRs to prepare the NRC staff for future
licensing reviews. Because of the variety of MSR designs under consideration, with both fast and thermal
neutron spectra, the experiments used representative fluoride and chloride salts. Selected experiments
were conducted to quantify the effect of different parameters including:

(1) the effect of changing the ratio of molten salt volume (V) to alloy specimen surface area (SA)
(Task 4);

(2) changing the capsule material (Task 3); and

(3) changing the test methodology including welded capsules, sealed crucibles and open crucibles in
a glove box (Task 2).

For most experiments, type 316H stainless steel (SS) test specimens were exposed to both FLiNaK salt
and NaCl-MgCl; salt with and without Mg additions. Triplicates of each condition were conducted to
gather statistical information on the differences and all the experiments were conducted at 700°C for 100-
500 h.

For experiment set 1 (V/SA), the volume (V) of salt was held constant but different size specimens
(thereby changing the surface area) of type 316H stainless steel were exposed in Mo and 316 capsules to
create a wide range of V/SA ratios. A high V/SA condition resulted in much larger mass losses compared
to smaller V/SA experiments and the scatter in mass losses also increased. Capsule materials investigated
included 316, alloy N, Mo, Ni, boron nitride (BN) and graphite. Additional experiments were conducted
with specimens of alloy 709 SS and Ni-based alloys Hastelloy N and 617. While some results can be
understood based on changes in the V/SA ratios, the overall results suggest that the container material is
significantly influencing the observed reaction perhaps by reacting with the salt or the dissolution reaction
products. Because of the relatively short exposure times, identifying specific reactions with the capsule
material was difficult (experiment set 2). Comparing capsule experiments to crucible tests (where the
container was not welded shut) without welding showed similar results (experiment set 3). However,
when the same experiment was repeated in an uncovered crucible in a glovebox, higher mass losses were
observed for 316H SS specimens exposed to two batches of FLiNaK salt with different levels of
impurities. The advantage of the glovebox experiment is that electrochemical measurements can be made
on the salt during the exposure. Electrochemistry is another technique that can be used to characterize the



salt and monitor its evolution with time as a means to understand and predict the longer term
compatibility between the salt and materials it contacts.

In addition to the three experimental variables investigated in Tasks 2-4, Task 8 used various
characterization techniques to evaluate the effect on the microstructure in each case. In addition to
specimen mass change, the primary strategy was examining metallographic cross-sections of the
specimens to determine the depth of attack and characterize any gradient in the composition due to
selective dissolution in the salt using scanning electron microscopy and energy dispersive spectroscopy
(SEM/EDS). In addition to examining the corroded specimen, characterizing the salt chemistry before and
after the exposure was very helpful in understanding the reactions.

While it is not possible to define an optimal static experiment, these tests were conducted to highlight
how choices in experimental parameters can affect static test results. These factors need to be considered
when reviewing data. In addition, it should be noted that static, isothermal exposures are not expected to
produce the same results as more prototypic flowing salt tests in a thermal gradient where mass transfer
can occur from the hot leg to the cold leg and inhibit coolant flow with possible catastrophic effects. A
static experiment that shows limited attack either because of a low V/SA or the addition of a redox agent
like Mg to the salt does not resolve the issue of salt compatibility in the system.




In considering the methodology for conducting molten halide salt compatibility experiments, there are no
applicable test standards. There is an ISO standard (ISO 17245:2015 [ISO standard 2015]) for molten
salts related to hot corrosion (primarily sulfates with SO,/SO; in the atmosphere) but that is not relevant
to halide salts (i.e., chlorides and fluorides) where salt purity and environmental O,/H>O ingress can
drastically affect the compatibility results with structural materials. In the absence of standards, a wide
range of experimental conditions can be found in the literature which makes interpreting these results
particularly difficult. Even when standards are specified, it is very difficult to get the same result in round
robin testing [Pint 2020]. Some experimental variables are application-dependent, including the type of
material and salt composition to be investigated as well as exposure times and temperatures. The
researcher-determined experimental variables include the salt container material, the size of the specimen,
the amount of salt used and the atmosphere of the experiment. Perhaps the most significant factor is
whether the salt will be static (and usually isothermal) or flowing, especially in a temperature gradient
[Vreeland 1953], which is more representative of the application. Obviously, static salt tests are much
easier to conduct and thus a majority of published data are static tests [Raiman 2018].

In traditional liquid metal compatibility experiments, solubility of reaction products (e.g., Ni has a high
solubility in Pb) is recognized as being an important factor in compatibility [Epstein 1957, Weeks 1971,
DeVan 1979, Chopra 1985, Guminski 1994]. Refractory elements like Mo have a low solubility in most
liquid metals and thus are relatively inert and can be used as containers in compatibility experiments
[Vreeland 1953, Pint 2013]. Because of the importance of solubility, the volume (V) of liquid relative to
the surface area (SA) of the exposed specimen is an important parameter. A large V/SA ratio (~10, with
units of cm?/cm?) was considered necessary to prevent the liquid from quickly saturating with the reaction
product, although this ratio was not always achieved. For a static isothermal capsule compatibility
experiment, a small specimen mass loss suggests minimal dissolution in the liquid and provides an
indication of good compatibility between that material and the liquid. However, if only a small amount of
liquid is used, saturation of specimen elements in the liquid can minimize the mass change and suggest
better compatibility than is the case.

The methodology for evaluating molten salt and liquid metal compatibility at Oak Ridge National
Laboratory (ORNL) is little changed after more than 70 years [Vreeland 1953]. Static experiments are
conducted in capsules that are welded shut to prevent impurity ingress during the experiment. Flowing
experiments begin with thermal convection loops (TCLs) and proceed to forced convection or pumped
loops, which cost ~10 times more than a TCL experiment. Compatibility issues can be identified and
studied in TCL experiments, while pumped loops investigate a broader range of thermal hydraulic issues
at prototypical operating conditions in addition to compatibility [ Yoder 2014, Britsch 2019]. This project
is focused on static experiments but includes a comparison of static results to flowing experiments.

In all of the experiments, standard exposures of 100-500 h at 700°C were used and primarily type 316H
stainless steel specimens were exposed. Several companies developing molten salt reactors are initially
considering 316H as a structural material and the alloy has a maximum operating temperature of 650°-




700°C due to high temperature strength limitations [Viswanathan 2001]. The first series of experiments
determined the effect of varying the V/SA ratio on the mass change observed in a molten salt capsule
experiment using purified NaCl-MgCl; salt. In order to achieve large variations in V/SA, Mo and 316H
capsules were used—when the specimen is the same as the container SA is greatly increased.
Molybdenum capsules were selected because Mo forms less stable halide compounds [Zhang 2018,Pint
2019] and therefore is somewhat inert to the salt. The effect of capsule material was investigated more
broadly in the second set of experiments where both NaCI-MgCl, and FLiNaK salt were used as well as
other specimens including alloy 709 SS and Ni-based alloys N and 617. It can be argued that the easiest
capsule test to understand is a monometallic experiment where the container and the specimen are made
from the same material to ensure no galvanic interaction takes place. However, this is impractical for
some materials that are not readily available in tube form. Screening a large number of candidates in a
static capsule test using the candidate material as both specimen and container (i.e., a monometallic
capsule experiment) would require a much larger amount of material and much more machining,
assuming the material could be machined into a capsule or crucible. The other issue with a monometallic
experiment is that the inherently small V/SA ratio (because the SA includes the specimen and the
container) results in small mass changes because the salt attacks both the specimen and the container.

These first two sets of experiments used welded capsules with the recognition that welded capsules are
not widely used in the molten salt research community. (ORNL uses welded capsules to ensure that there
is no impurity ingress into the salt during the experiment.) Thus, the final set of experiments compared
welded capsule results to other techniques including crucible tests in a sealed (bolted) container (i.e., no
welding) and crucible tests in a glovebox where electrochemical measurements are possible [e.g.,
Vignarooban, 2015]. In this final set of experiments, the same container material (Mo) was used in each
test with similar V/SA ratios.

It is not clear that there is an optimal way to conduct static experiments; for example, a preferred V/SA
ratio or “universal” capsule material. It also is apparent that there are not simple “correction factors” to
account for these effects. However, it is important to be aware of all these test parameters and their
influence on reported results. The final section of the report discusses how this information may be useful
in interpreting data submitted to the NRC and help to put diverse data sets into context.




3. EVALUAT\&\I OF THE EFEECTS OF SALT
VOLUME TO SAMPLE SURFACE RATIO

3.1 EXPERIMENTAL PROCEDURE

Isothermal capsule testing of 316H specimens (composition in Table 3-1) was conducted in 316H
(composition certified within specification but not specifically determined) or low carbon arc cast Mo
inner capsules (25 mm outer diameter x 100 mm tall x 1.2mm wall). To achieve a range of salt volume
(cm?®) to specimen surface area (cm?) V/SA ratios, 316H specimens of different sizes (~6 x 12 x 1.5mm,
~20 x 12 x 1.5mm, and 12.5 outer diameter x 1.75 wall thickness x 25 mm long tubes) were used with the
coupons polished to a 600-grit finish. (If the container was the same material as the specimen, then the
portion of the capsule exposed to salt was included in the SA calculation. The surface area of the wire
and nipple shown in Figure 3-1a were ignored.) The NaCl-MgCl, salt was made from reagent-grade salts
and purified using a two-step process [ Young 1993, Chen 1993, Mayes 2018, Kurley 2019]: first the
carnallite method was used to mix the salt with NH4Cl (2:1) and then heat to 450°C for 2 h and 750°C for
1 h; the next step was sparging at 650°C (1) with CCly for 35-40 h, (2) with ultra-high purity (UHP) Ar
for 0.5h, (3) with Ar-4%H; for 12-15 h and (4) with UHP Ar for 0.5 h. Capsules were loaded with ~28 g
of salt in an Ar-filled glove box with impurity levels <1 ppm O, and H>O. The specimens were cleaned
prior to exposure using deionized water, acetone and methanol. The specimens were attached to one end
of the capsule using Mo or type 316L SS wire (to match the capsule material) and the capsules were
sealed inside the glove box using autogenous (i.e. no filler metal) gas tungsten arc welding at the top and
bottom of the capsule, Figure 3-1a. The inner capsules were then placed inside type 304 stainless steel
outer capsules and sealed using electron beam welding to provide secondary containment and prevent the
primary capsule from oxidizing. The capsules were exposed in a box furnace in laboratory air for 500 h
at 700°C, Figure 3-1b. After exposure, the capsules were inverted to allow the salt to drain away from the
specimen [Vreeland 1953, Raiman 2019] and the capsules were then opened in the same glove box. After
exposure, the specimens were ultrasonically cleaned using deionized water at 40°C. Before and after
exposure, the specimens were weighed using a Mettler Toledo XP205 balance with an accuracy of ~+0.04
mg. Selected specimens were then sectioned and mounted in epoxy and polished for characterization
using light microscopy and a Tescan model MIRA3 scanning electron microscope (SEM) equipped with
energy dispersive x-ray spectroscopy (EDS). Imagel software was used to quantify the reaction product
thickness with at least 30 measurements made from each cross-section.

Table 3-1. Alloy compositions determined by inductively coupled plasma and combustion analyses

Alloy Fe Ni Cr Mo C Other

316H 68.5 | 104 |165 |19 0.034 | 1.5Mn,0.3Si,0.4Cu,0.1C0,0.03N
709 513 | 252 [20.1 |15 0.064 | 0.9Mn,0.4Si,0.2Nb,0.02Ti,0.15N
HastN | 3.7 | 71.9 7.2 16.0 | 0.052 | 0.5C0,0.3Mn,0.3Si,0.01N,0.007S
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Figure 3-1. (a) schematic of standard inner and outer molten salt capsule and (b) capsules loaded in box
furnace for isothermal testing. The wire and nipple used to secure the specimen in (a) were the same material
as the capsule

3.2 RESULTS

The capsule experiments were conducted in triplicate to determine reproducibility. The mass change
results are shown in Figure 3-2 as a function of the salt volume/specimen surface area ratio in Mo and
316H capsules. For the smallest V/SA ratio, unexpected small mass gains were observed as summarized
in Table 3-2. Mass losses increased with increasing V/SA, as the 316H specimen decreased in size, i.e.,
more salt volume per unit surface area. The standard deviation also increased with increasing V/SA,
Table 3-2. For comparison, a Mo coupon in a Mo capsule (V/SA ~0.2) resulted in a mass loss of 0.2
mg/cm? for the Mo specimen, which was larger than expected. This comparison was not conducted in
triplicate so the reproducibility was not assessed.

Figure 3-3 shows representative light microscopy images of the four types of specimen geometries.
Consistent with the mass change data, the most significant attack was observed for the largest V/SA
condition with a small 316H coupon in a Mo capsule, Figures 3-3a and 3-3e. Deep void penetrations
were observed, which is typical for alloys exposed to molten salts [Koger 1973, Olson 2015, Zheng 2016,
Sun 2018, Ding 2019, Pint 2019, Raiman 2019]. Considerably less attack was observed for the large
coupon specimens with a V/SA = 2.5, Figures 3-3b and 3-3f. Much less attack was observed for the other
specimens with lower V/SA values. At high magnification, surface roughening was observed but no void
formation, Figures 3-3g and 3-3h. There was no clear evidence of why a mass gain would be measured
on the 316H specimens in a 316H capsule, Figures 3d and 3h. Of course, a 0.1 mg/cm? mass gain
corresponds to ~100nm of metal or 0.6um of oxide so higher resolution characterization is needed. The
Mo specimen is not shown but small pits were observed on the surface with an average depth of 0.5um.
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Figure 3-2. Specimen mass loss for 316H specimens after 500 h at 700°C in purified NaCl-MgCI2 as a
function of the salt volume/specimen surface area ratio in Mo and 316H capsules. Three separate capsule

experiments were conducted at each condition.

Table 3-2. Summary of measured values from 316H specimens exposed for 500 h at 700°C in purified NaCl-

MgCI12
V/SA ratio Mass change Average mass change Standard Deviation
(mg/cm?) (mg/cm?) (mg/cm?)
6.5 -10.3, -9.1,-6.7 -8.72 1.83
2.5 -4.3,-4.2,-3.9 -4.14 0.20
0.9 -2.5,-2.4,-2.0 -2.30 0.25
0.2 0.09,0.10,0.11 0.10 0.01
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Figure 3-3. Light microscopy of polished sections of representative specimens (a,e) V/SA = 6.5, (b,f) V/SA =
2.5, (¢,g) V/ISA = 0.9 and (d,h) V/SA =0.2.

To quantify the chemical attack observed under these conditions, Figure 3-4 shows SEM EDS maps from
a polished cross-section from one of the V/SA=6.5 specimens. As expected, Figure 3-4b shows Cr
depletion at the surface and associated void formation deeper in the specimen (dark areas in the SEM
image, Figure 3-4a). In the depleted areas, Ni and Mo enrichment were observed, Figures 3-4e and 3-4f,
because of Fe and Cr dissolution. The maps are indicating Mo, Cr and Ni enrichment in the epoxy which
is not accurate. To better quantify the depletion in the alloy substrate, Figure 3-5a shows an EDS line
profile from a similar region of this specimen. The line profile shows a non-uniform depletion of Cr and
Mn in the outer region of the specimen with Ni and Mo enrichment. The other profiles in Figure 3-5
show similar trends but with less affected metal. In Figure 3-5b, a relatively uniform depleted region was
observed to a depth of 15 um for a V/SA=2.5 specimen. For the V/SA=0.9 specimen shown in Figure 3-
Sc, the surface depletion was <10 um but a second depleted grain boundary was profiled deeper in the
specimen. Finally, in Figure 3-5d for the V/SA=0.2, the amount of Cr depletion was limited to a depth of
~5 um. A thin Cr-rich reaction product may have formed on this specimen resulting in a small mass
gain, Table 3-2. The mass gain could be due to C, N or O uptake in this reaction product, which are
difficult to detect by SEM/EDS, especially in a thin film.

Based on the light microscopy images, an assessment was made of the depth of attack (Figure 3-6). Not
all of the low V/SA specimens were sectioned because the mass gains were very similar, shown in Table
3.2. In general, there was a decreasing trend in the observed depth of attack with decreasing V/SA.
Similar to the mass change data in Table 3-2, there was a large amount of scatter for the V/SA=6.5
specimens. The deeper attack for high V/SA was along grain boundaries so microstructure (e.g. alloy
grain size) could be a parameter affecting the attack [Muransky 2019, Feng 2022].




Figure 3-4. (a) SEM backscattered electron image of a polished section of the 316H specimen exposed for 500
h at 700°C in static NaCl-MgCl: salt V/SA=6.5, (b-f) associated EDS maps of (a).
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Figure 3-5. EDS line scans from 316H specimens exposed for 500 h at 700°C in purified NaCl-MgCl2 salt (a)
V/SA = 6.5, (b) V/SA =2.5, (c) V/SA =0.9 and (d) V/SA =0.2.
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Figure 3-6. Box and whisker plots of the depth of attack based on the light microscopy images of selected
specimens. The median values are shown and the boxes are defined by the 25% and 75% values. The whiskers
show the minimum and maximum values measured.

3.3 DISCUSSION

One of the key issues here is whether the use of Mo capsules affects these results, perhaps accelerating
the mass loss because of a reaction with Fe or Ni or a galvanic effect [Olson 2015, Guo 2018, Ding 2019].
A monometallic experiment, i.e., 316H in a 316H container, is the most ideal experiment to eliminate any
dissimilar material effects. It may also be the most realistic for the application depending on the
geometry and the actual V/SA in the application. However, a monometallic capsule experiment results in
a very low V/SA value and very little mass change, Table 3-2. Therefore, it can make it difficult to
compare numerous candidate materials, particularly materials not available in tube or sheet form to
fabricate a capsule/container. The issue of capsule material selection is further discussed in the next
section of this report where different capsule materials are compared with Cl and F salts. The 0.2 mg/cm?
mass loss for a Mo coupon in a Mo capsule and associated ~0.5um surface pits were surprising given the
expected inertness of Mo to the salt. A more dedicated study would be needed to assess the salt
compatibility of Mo to see if the reaction were reproducible and how the Mo starting surface
microstructure compared to that observed after salt exposure. If a truly inert container could be identified,
this experiment could be repeated to eliminate this issue.

In terms of optimizing the experiment, the small 316H specimen in a Mo capsule resulted in the most
mass loss but also the most scatter in the results, Table 3-2. This may be due to the stochastic nature of
the attack, especially where the reaction is concentrated on a relatively small surface area with varying
depths of attack which is dependent on the specimen microstructure of each specimen exposed, Figures 3-
3a, 3-4 and 3-6. Thus, it may not be optimal in this case to use the largest V/SA ratio. The very small
mass gain for the 316H specimens in a 316H capsule may reflect a small Cr-rich reaction product forming
at the surface as suggested by the line profile in Figure 3-5d. A 0.1 mg/cm? mass gain would correspond
to a 0.6 um oxide, or possibly a mixed O-C layer.

Previously, a number of combinations of salt, materials and temperature have been conducted in

monometallic and Mo capsules tests. Figure 3-7 summarizes those results, typically for 500 or 1000 h
exposures at 550°-700°C with purified NaCl-MgCl, or FLiNaK salt [Sulejmanovic 2021]. Most of the
results are for 316H specimens but two data sets are for Hastelloy N (Table 3-1) at 700°C with Mo and

10



Hastelloy N capsules. As a function of temperature, the results are very limited with most of the studies
conducted at 700°C. Figure 3-8 tries to summarize the effect of temperature on the slopes shown in
Figure 3-7. There is significant scatter in the results at 700°C and not enough data points to develop a
reliable temperature effect based on this information. Perhaps further study could determine an optimal
V/SA ratio but the issue of dissimilar interactions between the specimen and container would still need to
be resolved.
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Figure 3-7. Specimen mass loss for 316H and Hastelloy N specimens exposed to Cl and F salts at 550°-700°C.
In prior work, only the extreme values for V/SA were evaluated with small specimens in Mo or 316H/Hastelloy N
capsules.
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Figure 3-8. Arrhenius plot of V/SA over specimen mass change slopes from Figure 3-7.
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34 SUMMARY

A set of capsule experiments was conducted in triplicate to quantify the effect of changing the ratio of
molten salt volume to sample surface area using 316H specimens in NaCl-MgCl, salt at 700°C for 500 h.
By changing the capsule material and the specimen size, decreasing the V/SA ratio resulted in a decreased
mass loss which corresponded with decreased depth of attack and Cr loss in the steel substrates. This
illustrates the importance of this parameter. In comparing diverse molten salt compatibility data sets, this
ratio should be calculated as a qualitative normalizing strategy. However, the current data set is too
limited to capture other parameters such as the effect of temperature on this ratio. It is not possible to
define an optimal ratio for this type of experiment but very small ratios lead to minimal mass change and
large ratios lead to large scatter in the mass change and depth of attack.
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4. EFFECT OF CAPSULE CONTAINER (TASK 3)

4.1 EXPERIMENTAL PROCEDURE

Isothermal capsule testing was conducted on the four alloys with the measured compositions shown in
Table 3-1. The alloy 709 [Kikuchi 1985] and 617 [Wright 2014] alloy heats are the same ones used for
the DOE ASME Boiler & Pressure Vessel code case work. As described in the previous section, the
specimens were ~6 X 12 x 1.5 mm coupons polished to a 600 grit finish. The salt exposures were
conducted in inner capsules (25 mm outer diameter x 100 mm tall x 1.2mm wall) made of 316H, low
carbon arc cast Mo, Ni 200, or Hastelloy N, Figure 3-1. Or alternatively BN or graphite crucibles were
placed inside 316H inner capsules that were then welded shut as welding or sealing was not possible with
the BN or graphite crucibles.

The NaCI-MgCl; salt was made from reagent-grade salts and purified using a two-step process [ Young
1993,Chen 1993, Mayes 2018, Kurley 2019]: as described in the previous section (#3). The FLiNaK salt
was purchased from Materion and was not further purified. The as-received salt was analyzed, and the
results are summarized in Table 4-1 and compared to several other batches of FLiNaK salt [Sulejmanovic
2021] used in section #5. In general, the metallic impurities were low, but the O, level was higher, and
variable compared to commercial salt purified by hydro-fluorination [Kelleher 2015] that also contained a
Zr addition.

Similar to section #3, capsules were loaded with ~30 g of ClI salt or ~32g of FLiNaK salt in an Ar-filled
glove box with impurity levels <1 ppm O, and H>O. The BN and graphite crucibles held ~22g of Cl salt
or ~23g of FLiNaK. For some of the capsules, ~13mg of Mg powder was added as a redox addition
[Olander 2002, Zhang 2018, Pint 2019]. The specimens were cleaned prior to exposure using deionized
water, acetone and methanol. For the capsule experiments, the specimens were attached to one end of the
capsule using Mo or 316L wire. For the BN and graphite experiments, a rod was inserted in the specimens
to keep them upright and fully exposed to salt during the experiment, Figure 4-1. After loading the salt,
the inner capsules were sealed inside the glove box using gas tungsten arc welding. The inner capsules
were then placed inside type 304 stainless steel outer capsules and sealed using electron beam welding to
provide secondary containment and prevent the primary capsule from oxidizing during the isothermal
exposure.

The capsules were exposed in a box furnace in laboratory air for 500 h at 700°C. After exposure, the
capsules were inverted to allow the salt to drain away from the specimen [ Vreeland 1953] and the
capsules were then opened in the same glove box. After exposure, the specimens were ultrasonically
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Table 4-1. Salt impurities (in ppmw) determined by combustion analysis (O,H) and inductively coupled
plasma-mass spectroscopy

0] H Cr Mn Fe Ni Zr
Materion #1 14601744 38 11 0.6 9.8 0.7 0.4
Materion #2 20871874 12 - - - - -
Comm. FLiNaK 372167 7 7.1 1.0 16 6.5 314
Laboratory FLiNaK - - 13 6.1 61 195 0.2

a b

Figure 4-1. Images of polished 316H specimens with (a) BN rod or (b) graphite rod to hold the specimen
upright in the salt.

cleaned using deionized water at 40°C. Before and after exposure, the specimens were weighed using a
Mettler Toledo model XP205 balance with an accuracy of +0.04 mg. The same characterization procedure
described in section #3 was used for these specimens with the addition of ICP-OES to analyze the salt after
exposure for Cr, Fe, Ni and Mn content.

4.2 RESULTS

All of the experiments were conducted in triplicate to determine reproducibility. For the NaCl-MgCl,
experiments, the mass change results are summarized in Figure 4-2. Some of the changes may be
explained by variations in the V/SA ratio (shown in Figure 4-2) as described in section #3. However, even
accounting for changes in the V/SA ratio, the container material clearly had a strong impact on the mass
change results. In order to compare the exposed specimens, low magnification images are shown in
Figure 4-3. The differences in the amount of attack reflect the higher mass losses using Mo and Ni
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Figure 4-2. Specimen mass loss for 316H specimens in 5 different container materials after 500 h at 700°C in
purified NaCl-MgCIl2 with and without a Mg addition.
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Figure 4-3. Light microscopy of polished sections of representative 316H specimens exposed for 500 h at
700°C in (a-e) NaCl-MgCl2 and (f-j) NaCl-MgCI2 with Mg; (a,f) 316H capsule, (b,g) Mo capsule, (¢,h) Ni
capsule, (d,i) BN container and (e,j) graphite container.

capsules and the smaller losses with 316H, BN and graphite shown in Figure 4-2. (The attack in Figures
4-3b and 4-3g indicate a different alloy grain size that appears to be a variation in these two locations.)
Figure 4-4 summarizes the observed depth of attack measurements on various specimens for comparison.
Similar attack with deep void penetrations has been observed in most studies of alloys exposed to halide
salts [Koger 1973, Olson 2015, Zheng 2016, Sun 2018, Raiman 2018, Ding 2019, Pint 2019, Raiman
2019, Kurley 2019, Sulejmanovic 2021]. Box and whisker plots are used to show the distribution of
measured values as the attack is not uniform. Very little visible attack was observed for the tests in 316H
capsules and BN with the Mg addition.

Figures 4-5 to 4-19 show EDS maps and line profiles to further quantify the different observations in
NaCl-MgCl; salt. Figure 4-5 shows the limited attack observed with a 316H
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Figure 4-4. Box and whisker plots of the depth of attack based on the light microscopy images of selected
specimens exposed to NaCl-MgCl2 salt with and without Mg additions. The median values are shown and
the boxes are defined by the 25% and 75% values. The whiskers show the minimum and maximum
values measured.

Figure 4-5. (a) SEM image of a polished cross-section of a 316H specimen exposed for 500 h at 700°C to NaCl-
MgCI2 salt with a Mg addition in a 316H capsule and (b-h) EDS maps of the same region.

specimen in a 316H capsule with a Mg addition. From the maps, there appears to be a reaction layer at the
surface but this could be polishing debris in the gap between the specimen and epoxy in the mount. The
surface Cr depletion is limited to <5 um, Figure 4-6, which is consistent with the small mass losses
observed, averaging 0.06 mg/cm?. Characterization of 316H in a 316H capsule without Mg were shown
in the previous section.

Figure 4-7 shows the salt chemistry after the test. Despite the small specimen mass change, a large Cr
and Mn content was measured after the test because the capsule also was reacting with the salt.
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Figure 4-6. EDS profile from the line shown in Figure 4-5a from a 316H specimen exposed for 500 h at 700°C
to NaCl-MgCl2 salt with a Mg addition exposed in a 316H capsule.
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Figure 4-7. Post-test metallic salt impurities measured by ICP-OES in the NaCl-MgCl: salt with and without
Mg in the various capsule experiments. The BN crucible results are from an initial set of experiments that were
repeated because of the variability observed.

Figure 4-8 shows much more dramatic attack when a Mo capsule was used. The maps show strong Cr, Fe
and Mn depletion along alloy grain boundaries. The line profile (location shown in Figure 4-8a) confirms
this with limited depletion in the grains, Figure 4-9. In addition to increased Ni and Mo contents, a strong
O signal was observed in the dark regions (Fig. 4-8h) which may reflect oxidized salt that was not
removed during cleaning as Mg also was detected in these regions, Figure 4-8d. This was a second group
of three experiments (average -16 mg/cm?) compared to a similar set of capsules shown in Figure 3.4
where the average mass loss was -8.7 mg/cm?. Figure 3.4 does not show such significant Cr and Fe
depletion at grain boundaries or Mg and O on the grain boundaries. In Figure 4-7, Cr, Fe and Mn all were
detected in the salt. When the specimen surface becomes depleted in Cr and Mn, it is expected that Fe
will then dissolve into the salt. However, it would be useful to repeat and confirm this result because it is
very different from the other results. Previous work with an unalloyed Fe specimen in a Mo capsule with
commercial FLiNaK salt indicated significant reaction between the Mo capsule and Fe [Pint 2022a].

With a Ni capsule and Cl salt without Mg, the attack was not as concentrated on the alloy grain
boundaries but reflected a deep Cr, Fe and Mn depletion in the bulk, Figures 4-10 and 4-11.
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Figure 4-8. (a) SEM image of a polished cross-section of a 316H specimen exposed for 500 h at 700°C to NaCl-
MgCl: salt in a Mo capsule and (b-h) EDS maps of the same region.
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Figure 4-9. EDS profile from the line shown in Figure 4-8a from a 316H specimen exposed for S00 h at 700°C
to NaCl-MgCl: salt in a Mo capsule.

With a Ni capsule, the measured depth of attack (Figure 4-4) was less but the mass loss was much higher
(Figure 4-2). The salt in this case had the highest Cr content, which is contrary to the expectation that Cr
in the salt would react with the Ni capsule. Profiles from the Ni capsule are shown in Figure 4-12. Only
a small amount of Cr was found in the capsule but a large amount of Fe was found, which is consistent
with the low Fe content in the salt.

In contrast to Figures 4-9 and 4-10 in salt without a Mg addition, the attack was less severe and more
concentrated on alloy grain boundaries for a Ni capsule with a Mg addition to the salt, Figures 4-13 and 4-
14. Similar to Figure 4-9, there was very little Cr depletion within the grains but very significant attack at
grain boundaries deep in the specimen. Salt chemistry was not measured after this experiment but the Ni
capsule showed much less Fe and more Cr had diffused into the wall, Figure 4-12.
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Figure 4-10. (a) SEM image of a polished cross-section of a 316H specimen exposed for S00 h at 700°C to
NaCl-MgCl: salt in a Ni capsule and (b-h) EDS maps of the same region.

a5

b
&0
35
30
£
i ]
§ 2 - J
5 - 1
Eis
8 Ao et
10 : "‘ .
316H in Ni : M
100 pm 5 | I g ol
* | . 3 | In ;
o il = el P
o 50 100 158 F{a]x] 150

Distance from surface {pm}

Figure 4-11. (a) SEM image of a polished cross-section of a 316H specimen exposed for S00 h at 700°C to
NaCl-MgCl: salt in a Ni capsule and (b) EDS profile from the line shown in (a).

Figure 4-15 shows the limited attack observed when the experiment was performed in a BN crucible. The
depth of attack was ~20 um based on the EDS line profile where the Cr is highly depleted in this region,
Figure 4-16. The first experiments conducted with a BN crucible used a SS wire to hold the specimens
upright and were repeated. Figure 4-17 shows EDS characterization that found evidence of a N-rich
phase in that first set of experiments, Figure 4-17c. Subsequent XRD analysis identified a MosFesN
phase in specimens exposed to salt with and without Mg. However, the Mo map in Figure 4-17g does not
show correspondence with the N map. The experiments also were repeated because MgO was observed
on the steel surface, Figures 4-17d and 17h. When the experiments were repeated (data shown in Figures
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Figure 4-12. EDS line profiles from the Ni capsule after exposure of a 316H specimen for 500 h at 700°C to
NaCl-MgCl: salt with and without a Mg addition in the salt.

Figure 4-13. (a) SEM image of a polished cross-section of a 316H specimen exposed for S00 h at 700°C to
NaCl-MgCl: salt with a Mg addition in a Ni capsule and (b-h) EDS maps of the same region.

4-2, 4-3 and 4-4), there was not clear evidence of nitride formation. Nevertheless, it is a possible concern
with a BN container that a reaction could occur and BN might not be as inert as proposed [Olson 2015].
The salt analysis from BN crucibles in Figure 4-7 is from the first set of BN capsules where the mass
losses were higher and more variable. Compared to the salt exposure in a 316H capsule, the Cr and Mn
levels were similar in the BN crucibles. Two BN crucibles without Mg additions were examined because
of the large scatter in mass change results. Some differences in the post-test salt Fe content were noted
but the Cr and Mn levels were very similar in each case.
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Figure 4-14. (a) SEM image of a polished cross-section of a 316H specimen exposed for S00 h at 700°C to
NaCl-MgCl: salt with a Mg addition in a Ni capsule and (b) EDS profile from the line shown in (a).

Figure 4-15. (a) SEM image of a polished cross-section of a 316H specimen exposed for S00 h at 700°C to
NaCl-MgClI2 salt in a BN container and (b-f) EDS maps of the same region.

Finally, when the experiment was conducted in a graphite crucible, the attack was concentrated on the
alloy grain boundaries without Mg, Figures 4-18 and 4-19. Similar to other cases, the boundaries were
severely Cr depleted and enriched in Ni while the grain interiors were not strongly affected. Very little
attack was observed when Mg was added to the salt, Figure 4-3j, and the specimen was not further
characterized. Unfortunately, salt samples were not retained to measure the post-test salt chemistry. The
effect of a graphite crucible on FLiNaK salt chemistry will be discussed in the next section.
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Figure 4-16. EDS profile from the line shown in Figure 4-15a of a 316H specimen exposed for 500 h at 700°C
to NaCl-MgCl. salt in a BN container.

Figure 4-17. (a) SEM image of a polished cross-section of a 316H specimen exposed for S00 h at 700°C to
NaCl-MgCl: salt with a Mg addition in a BN container and (b-h) EDS maps of the same region. This
experiment was repeated and nitride formation was not detected.
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Figure 4-18. (a) SEM image of a polished cross-section of a 316H specimen exposed for 500 h at 700°C to
NaCl-MgCl: salt in a graphite container and (b-f) EDS maps of the same region.
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Figure 4-19. EDS profile from the line shown in Figure 4-18a of a 316H specimen exposed for 500 h at 700°C
to NaCl-MgCl. salt in a graphite container.

4.3 FLiNaK RESULTS

Figure 4-20 summarizes the mass change results for the Fe-based specimens exposed to dried,
commercial FLiNaK salt using five different containers. Alloy 709 specimens were exposed in three
conditions. This alloy is of interest because of its much higher strength compared to conventional
stainless steels [Kikuchi 1985, Viswanathan 2001]. However, its higher Cr content (Table 3-1) makes it
potentially less attractive in molten salt applications. Based on mass change, the attack on alloy 709 was
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Figure 4-20. Specimen mass loss for 316H and 709 specimens in S different container materials after 500 h at
700°C in dried FLiNaK salt. The whiskers show the variation for three capsule experiments.

less severe except when a Mo capsule was used, which was somewhat surprising because of its higher Cr
content compared to 316H. Assuming Cr is selectively attacked by the salt, one would expect the higher
Cr alloy to show more mass loss associated with Cr dissolution into the salt. However, as will be shown
later in this section, the higher Cr content in 709 may have led to more surface oxide formation (as a
result of the high O content in the commercial FLiNaK), resulting in mass gain that would offset the mass
loss due to dissolution.

Figure 4-21 shows light microscopy of representative sectioned specimens after exposure at one
magnification. There is a general concern about these results because of the high O content in this
FLiNaK, Table 4-1. In some cases, an oxide may have formed on the specimens, which affected the mass
change. Nevertheless, the salt container strongly affected the observed results. Figure 4-22 summarizes
depth of attack measurements based on images like those in Figure 4-21.

Figures 4-23 to 4-39 show EDS maps and line profiles to better understand the observations. Similar to
the Cl salt experiment, the attack was limited when a 316H specimen was exposed in a 316H capsule,
Figure 4-23, due to the small V/SA ratio (see Section 2). The maps indicate Fe and Ni were enriched near
the surface and the Cr depletion was limited to 7-8 pm in depth in the line profile, Figure 4-24. For the
alloy 709 specimen exposed in a 316H capsule, a similar minor attack was observed, Figures 4-25 and 4-
26. The attack was limited such that deeper in the specimen, Cr was enriched on the alloy grain
boundaries, Figure 4-25b, likely due to the formation of Cr-rich carbides on the grain boundaries. In this
case, the EDS line profile suggests that a Cr-rich oxide formed on the specimen surface which may
explain the smaller average mass loss for the 709 specimens, Figure 4-20.

Figure 4-27 shows post-test salt chemistry. The highest Cr levels were observed with a 316H capsule
because both the specimen and capsule were reacting in a similar manner.

With Mo capsules, the depth of attack was considerably increased for 316H but the attack was primarily
on grain boundaries, Figure 4-28. The line profile shown in Figure 4-28a, shows only a few locations
where Cr was depleted, Figure 4-29. However, the grain boundaries were significantly depleted in both
Cr, Fe and Mn such that the maps show Ni and Mo enriched at the grain boundaries, Figure 4-28.
Particularly the Mo-rich grain boundaries is very different than other specimens. For the 709 specimen
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Figure 4-21. Light microscopy of polished sections of representative (a-d,h) 316H and (e-g) 709 specimens
exposed for 500 h at 700°C in FLiNaK salt (a,e) 316H capsule, (b,f) Mo capsule, (c,g) Ni capsule, (d) BN
container and (h) graphite container.
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Figure 4-22. Box and whisker plots of the depth of attack based on the light microscopy images of selected
specimens exposed to FLiNaK salt. The median values are shown and the boxes are defined by the 25% and 75%
values. The whiskers show the minimum and maximum values measured. Two 316H specimens exposed in
graphite are shown with the lowest and highest attack from Figure 4-20.

examined, the microstructure appeared to be affected much deeper, Figure 4-30. The line profile indicated
a Cr depleted layer of >30um, Figure 4-31, which is similar to the depletion in the Cr map in Figure 4-
30b. Both the maps and line profiles suggest a Mo-rich oxide at the surface, which was not observed in
other cases. The post-test salt chemistry in Figure 4-27 only shows results for one 316H specimen. In
this case, the Cr level was lower but the ratio of Cr:Fe was higher compared to the 316H capsules.
Perhaps this is because as the surface of the 316H specimen becomes depleted in Cr and Mn, Fe starts to
react and dissolve into the salt.
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Figure 4-23. (a) SEM image of a polished cross-section of a 316H specimen exposed for 500 h at 700°C to
dried FLiNaK salt in a 316H capsule and (b-f) EDS maps of the same region.
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Figure 4-24. EDS profile from the line shown in Figure 4-23a of a 316H specimen exposed for 500 h at 700°C
to dried FLiNaK salt in a 316H capsule.

The most severe attack based on mass loss was observed with Ni capsules for both alloys, Figure 4-20.
The maps for the 316H specimen in Figure 4-32 show a severe Fe depletion at the surface (Figure 4-32c¢)
which suggests a reaction occurred with the Ni capsule, similar to what was observed in Cl salt, Figure 4-
12. The line profile in Figure 4-33 also suggests a Cr-rich oxide formed at the surface. At the same time,
grain boundaries were depleted in Cr to a depth of more than 450 um. For the 709 specimen, the attack

was not as deep, which is consistent with the mass loss data in Figure 4-20. The maps in Figure 4-34
suggest a Cr-rich layer.
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Figure 4-25. (a) SEM image of a polished cross-section of a 709 specimen exposed for 500 h at 700°C to dried
FLiNaK salt in a 316H capsule and (b-f) EDS maps of the same region. The Cr, Mn and Mo signals in the
epoxy is an artifact.
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Figure 4-26. EDS profile from the line shown in Figure 4-25a of a 709 specimen exposed for 500 h at 700°C to
dried FLiNaK salt in a 316H capsule.

The line profile in Figure 4-35 indicates it is an oxide and that the underlying Cr depletion is more than
100 pm.

27



Concentration (ppmw)

316-316 709-316 316-Mo  316-BN  316-gr1  316-gr2

Figure 4-27. Post-test metallic salt impurities measured by ICP-OES in the dried FLiNaK salt in the various
capsule experiments with 316H and 709 specimens. Two different graphite capsules were measured (grl

gr2).

Figure 4-28. (a) SEM image of a polished cross-section of a 316H specimen exposed for 500 h at 700°C to
dried FLiNaK salt in a Mo capsule and (b-f) EDS maps of the same region.

For the BN crucible, the attack on the 316H specimen was ~25 um and fairly uniform, Figures 4-36 and
4-37. There was no indication of a Cr-rich layer but O was slightly enriched at the specimen surface. The
affected surface layer was depleted in Cr and rich in Ni and Fe with some Mo-rich precipitates, Figure 4-
36f. The post-test salt chemistry showed similar Cr and Fe levels as the Mo capsule but with the Cr:Fe
ratio reversed and a higher Cr content in the salt from the BN crucible.
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Figure 4-29. EDS profile from the line shown in Figure 4-28a of a 316H specimen exposed for 500 h at 700°C
to dried FLiNaK salt in a Mo capsule.

Figure 4-30. (a) SEM image of a polished cross-section of a 709 specimen exposed for 500 h at 700°C to dried
FLiNaK salt in a Mo capsule and (b-f) EDS maps of the same region.

With a graphite crucible, a complex reaction layer formed on the 316H specimen, Figures 4-38 and 4-39.
The whisker in Figure 4-20 indicates a high standard deviation with mass changes of -0.8, -1.7 and -27.1
mg/cm? in the three capsule experiments with graphite crucibles. The formation of a reaction product
could affect the results depending on its adhesion. The EDS system is not well-suited for detecting and
quantifying light elements like C and O. The algorithms to convert EDS x-ray counts to compositions are
most accurate for common elements like Fe, Cr and Ni. In this case, both Cr-rich oxides and carbides
could have formed. Two salt samples were analyzed from graphite crucibles, grl and gr2 in Figure 4-27.
With the small mass loss of 0.8 mg/cm?, small amounts of Cr, Mn and Fe were detected (grl). With the
large mass loss of 27.1 mg/cm?, a very large Fe content was observed and a low Cr content (gr2).
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Figure 4-31. (a) SEM image of a polished cross-section of a 709 specimen exposed for 500 h at 700°C to dried
FLiNaK salt in a Mo capsule and (b) EDS profile from the line shown in (a).

Figure 4-32. (a) SEM image of a polished cross-section of a 316H specimen exposed for S00 h at 700°C to
dried FLiNaK salt in a Ni capsule and (b-f) EDS maps of the same region.
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Figure 4-33. EDS profile from the line shown in Figure 4-28a of a 316H specimen exposed for 500 h at 700°C
to dried FLiNaK salt in a Ni capsule.

Figure 4-34. (a) SEM image of a polished cross-section of a 709 specimen exposed for 500 h at 700°C to dried
FLiNaK salt in a Ni capsule and (b-f) EDS maps of the same region.
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Figure 4-35. EDS profile from the line shown in Figure 4-34a of a 709 specimen exposed for 500 h at 700°C to
dried FLiNaK salt in a Ni capsule.

316H in BN

Figure 4-36. (a) SEM image of a polished cross-section of a 316H specimen exposed for S00 h at 700°C to
dried FLiNaK salt in a BN crucible and (b-f) EDS maps of the same region.

32



5

ek T L AL LR TN L BT

o 20 40 &0 80 100 120 140
Distance fram surface (jam)

Figure 4-37. (a) SEM image of a polished cross-section of a 316H specimen exposed for 500 h at 700°C to
dried FLiNaK salt in a BN container and (b) EDS profile from the line shown in (a).

Figure 4-38. (a) SEM image of a polished cross-section of a 316H specimen exposed for S00 h at 700°C to
dried FLiNaK salt in a graphite crucible and (b-f) EDS maps of the same region.

33



Composition [wt.%]

E % ¥ & ©§ % 2 B E B

Distames from surfsce [um)

Figure 4-39. (a) SEM image of a polished cross-section of a 316H specimen exposed for 500 h at 700°C to
dried FLiNaK salt in a graphite container and (b) EDS profile from the line shown in (a).
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Finally, two Ni-based alloys, Hastelloy N and 617 were compared in three different capsules, Figure 4-40.
Especially the results for alloy 617 with 22%Cr (Table 3-1) may have been heavily influenced by the high
O content in the FLiNaK. All three 617 specimens exposed in Mo and in Hastelloy N capsules exhibited
mass gains (only one Hastelloy N specimen showed a mass gain with a Mo capsule). Similar to the other
groups of results, the largest mass losses occurred with Ni capsules.

Figure 4-41 shows a representative image of each condition. In this case, the magnification is higher than
in other cases (Figures 4-3 and 4-21). For the Hastelloy N specimens, the results suggest uniform Cr
depletion. In contrast, the alloy 617 results suggest that a reaction product formed that had poor adhesion
which may have complicated the mass change results.

In Figure 4-42, depth of attack measurements are shown for Hastelloy N specimens and they are generally
consistent with the light microscopy in Figure 4-41. In general, the alloy 617 specimens showed more
attack than the low Cr alloy N. Also, the deepest attack occurred in the Ni capsules.

_V/SA . =65 |
. =02

_16 700°C/500h ...l....... S

T T
Mo Ni HastN

Capsule Material

Specimen Mass Change (mg/cm?)

Figure 4-40. Specimen mass loss for Ni-based Hastelloy N and 617 specimens in 3 different container
materials after 500 h at 700°C in dried FLiNaK salt. The bars show the average of three capsule experiments
and the whiskers show one standard deviation.
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Figure 4-41. Light microscopy of polished sections of representative Ni-based alloys (a-c) Hastelloy N and (d-
) 617 specimens exposed for 500 h at 700°C in FLiNaK salt (a,d) 316H capsule, (b,e) Mo capsule and (c,f) Ni

capsule.

Figure 4-43 shows the smallest attack with Hastelloy N in a Hastelloy N capsule because of the low V/SA
ratio (see section 2). The Cr depletion was to a depth of ~20 um (Figure 4-44) with voids forming to a
shallower depth. The Cr and O maps suggest that oxides formed in some voids. The slight Mo depletion
near the surface shown in the line profile could be due to Mo oxidation. Figure 4-45 summarizes the
post-test salt chemistry results. With the alloy N capsule and specimen, the Cr content was relatively low
with a surprisingly high Mn content, considering the low (0.3%, Table 3-1) Mn content in alloy N.

100

Depth of Attack (um)
z g
| |

open: N
shaded: 617

Ni

Figure 4-42. Box and whisker plots of the depth of attack based on the light microscopy images of selected
specimens exposed to FLiNaK salt. The median values are shown and the boxes are defined by the 25% and 75%
values. The whiskers show the minimum and maximum values measured.
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Figure 4-43. (a) SEM image of a polished cross-section of a Hastelloy N specimen exposed for 500 h at 700°C
to dried FLiNaK salt in an alloy N capsule and (b-f) EDS maps of the same region.
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Figure 4-44. EDS profile from the line shown in Figure 4-39a of a Hastelloy N specimen exposed for 500 h at
700°C to dried FLiNaK salt in an alloy N capsule.
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Figure 4-45. Post-test metallic salt impurities measured by ICP-OES in the dried FLiNaK salt in the various
capsule experiments with alloys N and 617 specimens.

Switching to a Mo capsule, the depth of attack on the alloy N specimen was not significantly deeper but
the voids were smaller, Figure 4-46. The Cr depletion was >20 pm and the outer layer contained mainly
Ni, Mo and O, Figure 4-47. Salt from two capsules was analyzed because of the range in mass change
observed, Figure 4-45. Compared to the alloy N capsule salt chemistry, the post-test salt in a Mo capsule
had much higher Fe and was slightly higher in Cr.

Figure 4-46. (a) SEM image of a polished cross-section of a Hastelloy N specimen exposed for 500 h at 700°C
to dried FLiNaK salt in a Mo capsule and (b-f) EDS maps of the same region.
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Figure 4-47. a) SEM image of a polished cross-section of a Hastelloy N specimen exposed for 500 h at 700°C
to dried FLiNaK salt in a Mo capsule and (b) EDS profile from the line shown in (a).

For the Ni capsule, the depth of attack on the alloy N specimen was substantially increased, Figures 4-48
and 4-49. The Cr depletion was ~75 pm and the Mo also was depleted to a depth of ~60 um. A small O
signal was detected in the porous outer layer that was rich in Ni. In the salt after exposure, high levels of
Mn were observed, Figure 4-45. Similar levels of Cr were measured as in the Mo capsules but the Fe
levels were much lower.

Figure 4-48. (a) SEM image of a polished cross-section of a Hastelloy N specimen exposed for 500 h at 700°C
to dried FLiNaK salt in a Ni capsule and (b-f) EDS maps of the same region.
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Figure 4-49. EDS profile from the line shown in Figure 43a of a Hastelloy N specimen exposed for 500 h at
700°C to dried FLiNaK salt in a Ni capsule.

More complex reaction products formed on the 617 specimens in all three cases. With the Hastelloy N
capsule, the Ni- and Mo-rich outer layer appeared to lift off the surface, Figures 4-50 and 4-51. The Cr-
rich particles appear to be oxides. The post-test salt analysis showed high levels of Cr, Mn and Ni after
this exposure, Figure 4-45.

Figure 4-50. (a) SEM image of a polished cross-section of a 617 specimen exposed for 500 h at 700°C to dried
FLiNaK salt in an alloy N capsule and (b-f) EDS maps of the same region.
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Figure 4-51. (a) SEM image of a polished cross-section of a 617 specimen exposed for 500 h at 700°C to dried
FLiNaK salt in an alloy N capsule and (b) EDS profile from the line shown in (a).

With a Mo capsule, a similar, but thicker, Ni-Mo-O outer layer appeared to form on the 617 specimen,
Figures 4-52 and 4-53. Whiskers at the outer surfaces may be Cr-rich oxide. Similar to the alloy N
capsules, the post-test salt analysis showed low Mn and Fe levels and high Cr contents, Figure 4-45.

Figure 4-52. (a) SEM image of a polished cross-section of a 617 specimen exposed for 500 h at 700°C to dried
FLiNaK salt in a Mo capsule and (b-f) EDS maps of the same region.
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Figure 4-53. (a) SEM image of a polished cross-section of a 617 specimen exposed for 500 h at 700°C to dried
FLiNaK salt in a Mo capsule and (b) EDS profile from the line shown in (a).

Switching to a Ni capsule, the Cr depleted region increased to ~140 um on the 617 specimen, Figures 4-
54 and 4-55. The small amount of Cr in the outer layer may be oxides. Figure 4-45 shows mainly Mn in
the salt after the test. This is quite unusual since the Mn content of 617 is only 0.1%.

Figure 4-54. (a) SEM image of a polished cross-section of a 617 specimen exposed for 500 h at 700°C to dried
FLiNaK salt in a Ni capsule and (b-f) EDS maps of the same region.
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Figure 4-55. EDS profile from the line shown in Figure 4-54a of a 617 specimen exposed for 500 h at 700°C to
dried FLiNaK salt in a Ni capsule.

4.4 DISCUSSION

It is very clear from the results that the salt container has a considerable effect on the mass change results.
It is already known from the literature that graphite, quartz and Ni crucibles are not useful as they are
likely more reactive than Mo [Olson 2015, Raiman 2021, Parker 2022]. It remains to be determined if this
is mainly a chemical effect or an electrochemical effect [Olson 2015, Guo 2018, Ding 2019, Parker 2022].
A monometallic experiment, i.e. 316H in a 316H container, is the most ideal experiment to eliminate any
dissimilar material effects. It may also be the most realistic for the application depending on the V/SA of
the reactor design. However, the low V/SA ratio results in very small mass changes, Figure 4-2. From a
chemistry standpoint, the use of graphite containers could lead to the formation of Cr-or Fe-rich carbides.
The use of Ni could result in alloying of Fe and Cr into the capsule wall which would greatly accelerate
attack for 316H with relatively high levels of Fe and Cr. The acceleration with a Ni capsule was observed
previously for capsule experiments conducted at 800°C [Pint 2019]. Reactions with Mo are less extensive
but also could occur. With these experiments at 700°C, the surface reaction would be harder to quantify
after only 500 h.

Table 4-2 summarizes the capsules that were examined after salt exposure for 500 h at 700°C. For the
FLiNaK salt, only a few capsules were examined. The initial Ni capsules examined showed low levels of
Cr (Figure 4-12) but much higher Fe contents without Mg in the Cl salt. This is understandable because
Mg lowers the salt redox potential and reduces the amount of Fe dissolution. Because the capsule is
removing Fe from the salt, the specimen continues to dissolve and does not approach equilibrium. Figure
4-56 shows an EDS profile from a 316H capsule. Some residual salt debris was on the surface but the
metal surface clearly showed Cr and Mn depletion, similar to the specimen shown in Figure 4.6. As
noted in Table 4-2, the amount of interdiffusion in FLiNaK was much less and not as easy to detect.

Table 4-2. Summary of capsules analyzed after salt exposure for 500 h at 700°C

Capsule | Specimen | Salt Comments

Ni 316H Mg,Cl+NaCl Large Fe interdiffusion observed
Ni 316H Mg,Cl+NaCl+Mg | Less interdiffusion, higher Cr level
Mo 316H Mg,Cl+NaCl+Mg | No clear evidence of Cr or Fe
316H 316H Mg,Cl+NaCl+Mg | ~5um Cr and Mn depletion
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Ni N FLiNaK Minor Cr, Fe signal at surface
Ni 617 FLiNaK Possible Cr-rich layer at surface, very thin

The salt chemistry data (Figures 4-7, 4-27 and 4-45) was a small sampling from the total number of
capsules run in this task. The measurements were conducted after it was recognized that such information
was useful in assessing behavior. Mass change is the easiest metric for assessment but specimen
microstructure and salt chemistry help to assess behavior in a more comprehensive manner.

The commercial, dried FLiNaK used in this experiment is a concern, primarily because of the high O
content. Among the three batches of FLiNaK compared in Table 4-1, the mass losses were the highest for
the ORNL laboratory batch (Figure 4-57) which also contained high levels of Ni. No direct comparisons
have been conducted with the commercial FLiNaK that was used for a flowing salt experiment [Raiman
2022] and in section #5.

Ultimately it should be recognized that capsule experiments are limited in value and that flowing
experiments in a temperature gradient are needed particularly in prototypical conditions to verify salt
compatibility.

Distance from Surface (um)

Figure 4-56. EDS line profiles from capsules exposed for 500 h at 700°C to NaCl-Mg2Cl salt with 316H
specimens in a 316H capsule with a Mg addition.
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Figure 4-57. Specimen mass loss for 316H and Hastelloy N specimens exposed to three different batches of
FLiNaK. The primary comparison between a contaminated batch was conducted for 500 h at 700°C. For a legacy
batch of FLiNaK made by ECS, the exposure was 1000 h at 650°C.

4.5 SUMMARY

A set of capsule experiments were conducted to quantify the effect of changing the salt container on the
corrosion behavior of 316H in NaCIl-MgCl, salt with and without Mg additions, and 316H, 709, alloy N,
and 617 specimens in dried FLiNaK salt. All of the experiments were conducted in triplicate at 700°C for
500 h. The Ni and graphite crucibles appeared to lead to the largest reactions and should be avoided. This
could be easily determined by the large mass losses in these experiments. The high O content of the dried
(not purified) FLiNaK salt used in these experiments may have affected the results, particularly for the
high Cr alloys, 709 and 617, due to the formation of oxides.

In comparing diverse molten salt compatibility data sets, the container material needs to be considered.
While a monometallic experiment is the most ideal, it is not always practical. An inert capsule material
was not clearly identified. The BN crucible is the most promising container for these screening
experiments but the possible reaction with the alloy to form a nitride needs to be further explored. The
results here indicate that issues with the capsule material affecting the compatibility results can be
investigated using a thorough characterization methodology where dissolution is quantified by mass loss
and metallography and then the dissolution products are quantified in the salt to determine if a reaction
with the capsule material affected the reaction.
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5. EFFECT OF THE TEST METHODOLOGY
(TASK 2)

5.1 EXPERIMENTAL PROCEDURE
5.1.1 Capsule Tests

This procedure was used in the previous sections with 316H specimens (1.5 x 6.5 x 12.5 mm) polished to
a 600-grit finish and attached using Mo wire. The Mo capsules were cleaned in a mixture of acetic, nitric
and hydrofluoric acids prior to welding and loading with ~24 g FLiNaK salt. As shown in Figure 3-1, the
Mo capsule was welded shut and then welded inside a type 304 SS outer capsule. The two FLiNaK salt
batches used in this experiment were discussed previously and their compositions are listed in Table 4-1.
The commercial FLiNaK had higher purity and contains a Zr getter. This salt has been used in prior
capsule and TCL experiments [Raiman 2022]. A batch of laboratory FLiNaK was selected with higher
impurities to induce more attack in this experiment as a comparison to the higher-purity commercial salt.
Both salts have been previously characterized [Sulejmanovic 2021]. The capsules were exposed in a box
furnace for 100 h at 700°C. The time was reduced in this experiment from 500 h to allow the glovebox
test to be completed during the work week. The experimental details are summarized in Table 5-1.

5.1.2 Crucible Test

Crucibles (80 ml capacity) were used in this experiment and three 316H specimens (1.5 x 6.5 x 12.5 mm)
were attached to a Mo wire and suspended close to the bottom of the crucible, Figure 5-1. While in the
glovebox, the two crucibles were loaded with salt and placed in a 304 stainless-steel vessel (15 cm
diameter x 20 cm tall) with a flange that can be bolted shut with a Cu gasket, Figure 5-1. Once the vessel
was shut, the vessel was removed from the glovebox and placed in a box furnace for the 100 h/700°C
isothermal exposure. The experiment details are summarized in Table 5-1.

Table 5-1. Task 2 test matrix showing the V/SA ratios for three test methods

Test conditions Commercial FLiNaK Laboratory FLiNaK
1 | Welded Capsule 1 small coupon (5.6 V/SA) 1 small coupon (5.8 V/SA)
24g salt, 2.1cm* SA 24g salt, 2.1cm?* SA
2 | Glovebox 1 medium coupon (5.5 V/SA) 1 medium coupon (5.5 V/SA)
63g salt, 5.7cm? SA 63g salt, 5.7cm? SA

46



3 | Crucible 3 small coupons (5.4 V/SA) 3 small coupons (5.6 V/SA)

72g salt, 3 x 2.2cm? SA 72g salt, 3 x 2.2cm? SA

Figure 5-1. A picture of the experimental setup for the crucible test to assess compatibility of alloys in molten
salts.

5.1.3 Glovebox Test

The crucible tests inside the glovebox were done in 40 ml molybdenum crucibles with one larger 316H
specimen (1.5 x 12 x 20 mm) per crucible and three crucibles tested at a time. The specimens were
attached with Mo wire and suspended close to the bottom of each crucible. Additional Mo wires for
electrodes were added to one of the crucibles in each test, Figure 5-2. Prior to the start of the test in the
glovebox, the oxygen and moisture content inside the glovebox were at <0.1 ppm O; and <0.1 ppm H>O.
The experiment details are summarized in Table 5-1.
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Molybdenum crucible Two electrode electrochemistry setup
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Figure 5-2. A picture showing the glovebox crucible test with electrochemistry setup.
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Figure 5-3. Schematic of the electrochemical measurement configuration used during the glovebox tests.

The electrochemical potentials of the 316H coupon and Mo capsule were recorded. The top Mo wire was
used as a reference electrode, and the 316H coupon surface, the Mo inner wall and the wires acted as the
working electrode (Figure 5-3). Measurements were made using a Gamry Reference 600+ potentiostat.
The Mo wire only served as a pseudo-reference electrode from the Pt and molten salt interface and it was
assumed that possible differences in the reference potential reading between the two salts could be
ignored.

5.2 RESULTS
Figure 5-4 summarizes the mass change data for each test method in the two FLiNaK salts. The bars show

the average mass loss for the three specimens (individual results are shown as black dots in each case) and
the whiskers show one standard deviation. As expected, the mass losses were higher in the laboratory salt
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with higher impurities, Table 4-1. For the lower purity commercial salt, the mass losses were very similar
in the capsule and crucible tests with low variability. For the laboratory salt, the mass losses were lower
in the crucible experiment where all three specimens were in the same Mo crucible. For both salts in the
glovebox test, the mass gains were higher with more variability than in the sealed crucible and capsule
experiments with a static Ar environment. The glovebox test was the only experiment where the test was
conducted in a dynamic Ar environment.

The laboratory FLiNaK test was done first. During the initial heating, the moisture content jumped to ~7
ppm. After about an hour, the moisture content dropped back to <0.1 ppm starting point but the oxygen
content increased to ~16 ppm. Between experiments, the oxygen content did not drop and the second
experiment with commercial FLiNaK was done with the H,O content <0.1 ppm but the oxygen remained
near 16 ppm for the duration of the second 100 h test. Heating of the commercial FLiNaK did not result
in an increase in the H>O or O content.
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Figure 5-4. Mass change data of 316H specimens exposed in commercial and laboratory FLiNaK using three
different exposure methods. The bars show the average of three specimens (dots) and the whiskers show one
standard deviation.

Figure 5-5 shows the electrochemical potential curves for the two salts during the 100-h exposures with
316H specimens in the glovebox. Also included is a baseline test run with a Mo specimen and
commercial FLiNaK salt.

Figure 5.6 shows representative metallography results from the three experiments and two salts. Note the
difference in magnification for the limited attack observed in the commercial FLiNaK salt, Figures 5.6a-c,
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Figure 5-5. Corrosion potential transients measured from 100 h exposures in two FLiNaK salts.
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Figure 5-6. Light microscopy of the 316H specimens exposed for 100 h at 700°C in (a-c) commercial FLiNaK
and (d-f) laboratory FLiNaK using (a,d) capsules, (b,e) crucibles and (c,f) glovebox

and the lower magnification for the much deeper attack observed with the laboratory salt, Figures 5.6d-f.
The attack is consistent with the mass changes in Figure 5.4 and is quantified in Figure 5.7. For the
commercial salt, the depth of attack was similar in each environment, although one capsule experiment
showed an unusually large attack, which is why the experiments are conducted in triplicate. Similarly for
the laboratory FLiNaK salt, the much deeper depth of attack was similar in each experiment.
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values measured.

600 Task 2 Mo capsules ............ - Glove box - W\ 1936. |- Crucible - |- Starting -
S i ) ; ! : : : : : :
Eon]FLNak gl foen R T L
Q T - . i i i
‘E 4004 . Cr |........ | ........................................................ | .................. | .........
S . O Mn | | |
§ 300 . Fe | irl-.-.....8..»-® | ®: - B B - ‘B ®.| ... : B PR : AAAAAAA
§ 200 . Ni [ B R B K. B B B . I .......... : .......
2 i :
8 10-m-ipe0 R R D : .......... :

0 — 5 - — | . | —_—

Cap-C Cap-C Cap-C Cap-L Cap-L Cap-L GB-C GB-C GB-L GB-L GB-L Pot-C Pot-L Com Lab

Figure 5-8. Pre- and post-test metallic salt impurities measured by ICP-OES in the commercial (C) or
laboratory (L) FLiNaK salt in the capsule (cap), glovebox (GB) and crucible (pot) experiments.

Figure 5-8 show the pre- and post-test salt chemistry measured using inductively coupled plasma-optical
emission spectroscopy (ICP-OES). The chemistry helps explain the reactions observed and gives more
insight into the mass change. One reason the laboratory FLiNaK salt was more corrosive was because of
the 300 ppm Ni in the salt. The less stable NiF> in the salt reacts to form other compounds such that the
Ni content in the laboratory salt is lower after testing. This is especially true in capsule and crucible
experiments where the highest Cr contents were observed after the experiments with the laboratory salt.
In the glove box exposure, very high Fe contents were observed after the experiment. This was also the
case in the commercial salt. For the commercial salt, the Cr and Fe contents in the salt were higher after
the capsule and crucible tests compared to the starting salt which had very low impurity levels (all <10
ppmw). As noted, in the glovebox test, the Cr contents were similar to the other experiments but much
higher Fe contents were measured.

5.3 DISCUSSION

These experiments were designed so that the V/SA ratios shown in Table 5-1 were very similar in each
case. Average V/SA values are shown based on slight variability in the amount of salt and specimen
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surface area in each experiment. These differences would not be expected to change the results
significantly. The most significant difference among the three experiments was the higher mass losses in
the glovebox tests. The larger mass loss for the glovebox exposures may be because the tests were
performed with crucibles open to the glovebox environment during the 100 h exposures. The depth of
attack results in Figure 5-7 do not show significantly deeper attack after exposure in the glove box.
However, the salt chemistry results in Figure 5-8 indicate that more Fe was dissolved in these exposures
which explains the larger mass loss. The commercial (high purity) salt experiment was conducted with a
higher oxygen content in the glovebox argon than the starting oxygen content for the first experiment with
laboratory salt. Heating the laboratory salt in the glovebox disrupted the environment for an extended
time. It is not known if this could affect the results by the 2" (commercial) salt gettering oxygen from the
environment during the 100 h exposure.

Another point to note is that the crucible test was more like the capsule test because the secondary SS
container was bolted shut. In some tests reported in the literature, flowing argon is used as a cover gas in
crucible tests making it more similar to the glovebox test.

The electrochemistry results in Figure 5-5 generally show the more corrosive laboratory salt with the
most negative potential. A very small potential was observed for the Mo specimen in the high-purity
commercial salt. This type of information could be used to verify the quality of salt batches but more
characterization is needed to fully understand these observations including the change in potential with
time. The advantage of the glovebox experiment is the ability to gather this type of information during
the exposure.

In general, there was larger variability in the mass loss results in the laboratory (high impurity) FLiNaK.
This may be attributed to an inhomogeneity of impurities present in individual pieces of solid salt placed
into each crucible/capsule. This has not been confirmed by testing multiple pieces of solid salt from this
batch of salt before testing. However, Figure 5-8 shows considerable variation in the post-test impurities
which might result from variations in the pre-test chemistry.

54 SUMMARY

This experiment compared two batches of FLiNaK in three different salt exposure experiment methods.
The higher purity FLiNaK resulted in less mass loss and less depth of attack after 100 h exposures at
700°C. For both salts, the mass losses were higher in the glovebox experiment where the salt was
exposed to the argon environment and may have reacted with impurities in the argon. For both salts,
higher Fe impurities were found in the salt exposed in the glovebox. For the low purity laboratory salt, the
oxygen and water vapor monitors increased when the salt was heated suggesting that the salt gave off O,
and H>O when heated. The results for the capsule and crucible experiments were very similar as both
followed a similar strategy of individual containers for each specimen and a static gas environment (i.e.
no flowing cover gas).

Ultimately, the selection of experimental parameters is always a tradeoff and these experiments were
selected to explore some of those issues. Especially for longer duration and higher temperature
exposures, there is a greater risk of contaminating the salt when the salt container is not sealed. However,
sealing the container requires more expense and prevents in-situ monitoring.
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6. COMMENTS ON CHARACTERIZATION (TASK 8)

Based on work over the past five years, understanding of molten salt compatibility seems to be
maximized by a combination of:

(a) Specimen mass change

(b) Post-exposure microstructure characterization

(c) Pre- and post-exposure salt chemistry

(d) Electrochemistry

Specimen mass change is straightforward, normalized for the specimen surface, it is normally reported in
units of mg/cm?. Mass change is not always reported or measurable if a coupon is not used. However, if
it is not reported then that makes it more important that microstructure and salt chemistry are reported.
Some studies convert results to rates (e.g., um/yr) but these rates assume a rate law that is not established
and sometimes calculate pm based on converting mass loss using the alloy density. Particularly for static
tests, mass change measurements almost always decrease with time which may be due to changes in salt
chemistry with time that are not representative of application conditions. The reaction also may become
limited by diffusion in the alloy substrate. Converting directly from mass change to depth of attack does
not consider selective attack of one or more alloying elements that may lead to a porous reaction product
rather than uniform dissolution.

Sections 3, 4 and 5 show standard light microscopy and SEM/EDS characterization of the specimens
exposed in these experiments. In some cases, it was difficult to characterize the reaction product because
they were thin or contained many light elements. Higher resolution characterization techniques like
transmission electron microscopy were not used in this study. These techniques may be better suited for
mechanistic studies. It could be argued that small depths of attack mean relatively good compatibility and
no further characterization is needed. Additional techniques for capturing depth profiles include glow
discharge optical emission spectroscopy (GDOES), which also was not used in this study. For identifying
light elements, electron probe microanalysis (EPMA) using wavelength dispersive spectroscopy (WDS)
with standards can be more effective.

At the start of the project, it was hoped that 3-dimensional characterization might be employed to better
understand the resulting porous microstructure. Focused ion beam (FIB) systems can perform serial
sectioning but the volume is relatively small. A Robomet performs serial sectioning by polishing and
imaging successive layers through a specimen to create a 3D reconstruction. However, the Robomet at
ORNL was not functional during this project.

Salt chemistry before and after experiments is very useful in identifying which elements are dissolving
into the salt. It also can identify issues with the container material if evidence of the container dissolving
is found. While the literature often focuses on Cr dissolution into the salt, chemistry measurements show
that after 316H exposures, Cr, Mn and Fe are all found in the salt. Examples were shown in Figure 4-7,
4-27,4-45 and 5-8. Another example is shown in Figure 6-1 for FLiNaK salt after a 1000 h flowing test
in 316H stainless steel with a peak temperature of 650°C.
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Figure 6-1. Concentration of metallic species in FLiNaK salt before and after flowing for 1000h in the 316H
TCL. [Raiman 2022].

Electrochemistry also might be used to characterize the salt before, during and after static or flowing
experiments with an example shown in Figure 5-5. However, standards have not been published to, for
example, determine salt purity or identify impurities in the salt. This is an area where proprietary industry
data may be available but individual electrochemistry reports in the literature have not yet resulted in a
clear methodology for using this technique. It also has been difficult to convert electrochemistry data to
long-term rates of attack. More work may be needed to develop standards and compare results to other
methodologies.

The current state of knowledge about chemical interactions between molten salts and structural metals is
that multivalent cationic species exist with different solvation shell structures which are strongly
dependent on the type and amounts of available halide species, and on the chemical nature of other
cations in the melt. The extremely low fraction of species reacting in the boundary regions between
phases or molecular regions together with the non-equilibrium reaction kinetics, make detailed analyses
of the relevant physical processes extremely challenging. Despite the advances discussed in the previous
section, identifying speciation of transition metals in molten alkali/alkali earth halides during high
temperature exposures remains an extremely challenging task and there is currently no conclusive
evidence for the different complexes existing in the melt or enough knowledge of their proportions as a
function of composition and temperature.

In-situ characterization efforts to identify reaction products in molten salts have primarily focused on
detecting changes in the molten salt chemistry while some studies have looked at the speciation of metal-
salt complexes that have formed. Common goals of these investigations were to identify the nature of
chemical complexes in the melt and coordination nature of first neighbors around cations and anions.
[Bessada 2007,2009,2010,2017, Lacassagne 2002, Matsura 2009, Okamoto 2001, Rollet 2008, Smith
2019, Watanabe 2006]. The main characterization techniques employed to study salt metal interactions
were Raman spectroscopy, Nuclear Magnetic Resonance (NMR) and Extended X-ray Absorption Fine
Structure (EXAFS). Raman spectroscopy is limited in that it requires sufficiently high concentrations of
species and is unable to provide information on interionic distances; both these limitations can be
overcome by NMR and EXAFS. EXAFS is a powerful tool to analyze local structures of materials at high
temperatures and transient states, and its applicability to a variety of systems is being explored, e.g., to
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obtain structural information on systems containing nuclear materials and to elucidate the mechanism of
in situ electrochemical and/or redox reactions by following their temporal and spatial variations. Note that
EXAFS is generally collected using a high energy X-ray beam, the source of which is often a
synchrotron; hence EXAFS data is not easily obtained.

Recent promising developments have combined X-ray spectroscopy with molecular dynamics simulations
to overcome the complications in modeling the spectra of highly disordered molten melt [Moon 2019,Wu
2019]. Structural parameters (coordination number, first neighbors and distances) in the liquid state were
extracted from molecular dynamics calculations based on the polarizable ionic model (PIM). This enabled
adjustment of fine structure spectra calculated by the FEFF code [Rehr 2000,2010] with experimental
data. It allowed generating the trajectories of ions via classical molecular dynamics calculations inside a
periodically replicated simulation cell, and then extracting the relevant physicochemical properties of the
melt. The interaction potential consists of a sum of pairwise additive interactions supplemented with a
many-body polarization term. To determine forces and dipoles of each ion, the first principles electronic
structure was calculated for a given system using the plane waves density functional theory (DFT)
formalism. Parameters of the potential are then obtained by minimizing the difference between the forces
and dipoles predicted by the model to the first principles calculated ones.

The relation between salt chemistry and alloy composition is not well understood. Identifying local
structure and coordination numbers of metal halide complexes will provide vital clues to the alloying
elements participating in corrosion reactions and interfacial reactions. There is a need to develop
techniques to observe and quantify salt-metal reactions with spectroscopic and neutron scattering
techniques. Raman spectroscopy and pair-distribution function (PDF) analysis of neutron diffraction data
will elucidate the local structure of the corrosion products whereas a combination of neutron
reflectometry and X-ray Absorption Near Edge Spectroscopy (XANES) techniques can be employed to
probe short and intermediate range correlations and identify structures of corrosion products during
exposure of the chosen binary and ternary model alloys (Fe-Cr, Ni-Cr, Fe-Cr-Ni) in molten salts. XANES
data is often collected along with EXAFS data and is a powerful technique to identify oxidation state
information of an element. It is simultaneously important to understand the role of alloying elements (Mn,
Al Ti, C) in changing subsurface chemistry, phase transformations and driving forces. Identification of
metal-halide complexes will build toward an understanding of the non-equilibrium interfacial kinetics at a
multicomponent salt-alloy interface and help develop insights into the interdependence of salt and alloy
chemistry and how this governs corrosion processes and subsurface microstructural changes.
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7. EXAMPLE DATA COMPARING FLOWING AND
STATIC EXPERIMENTS

Several recent experiments compared results in static isothermal conditions to flowing conditions with a
temperature gradient but the data set is small. As noted earlier, static experiments are much easier to
conduct but flowing experiments are more relevant to operational conditions and allow material down
selections for further development. One of the key issues with working fluids like molten salts and liquid
metals is that dissolution of structural materials can result in mass transfer where material dissolved in the
hot section deposits in a colder region. If the deposition is significant, a catastrophic blockage could
occur. Koger [1974] showed graphic examples of reaction products blocking flow in a TCL experiment
using Na-B-K fluoride salt and Hastelloy N tubing. Despite other attractive features, this particular salt
was not further explored because of these compatibility issues, especially with Hastelloy N which was
developed to be compatible with FLiBe salt and used for the Molten Salt Reactor Experiment (MSRE)
[Haubenreich 1970] at ORNL. In order to study mass transfer, a flowing salt in a temperature gradient is
needed.

Figure 7-1 highlights a difference between static and flowing experiments. This study used the same
commercial purified FLiNaK salt as was used in section #5 [Raiman 2022]. Typical of most static
capsule tests mass losses were observed at both 550° and 650°C exposures for 316H specimens in 316H
specimens. Comparing the static and flowing results, the mass changes are all similar in magnitude.
However, in the flowing TCL experiment, a mass gain was observed in the cold leg (550°C) due to mass
transfer (Fe was detected at the specimen surfaces). The complete mass change data from the TCL
experiment is shown in Figure 7-2. Chains of 20 type 316H specimens were exposed in the hot and cold
legs. Figure 7-2 also shows results for a FLiBe TCL [Pint 2022a] with very similar conditions as the
FLiNaK TCL experiment. All of the specimens and TCL tubing were 316H in both experiments. In both
TCL experiments, increased mass loss was observed at 650°C compared to the static experiment. The
static FLiBe experiment results are also shown in Figure 7-2. In the FLiBe experiment, issues with
cleaning the specimens may have increase the mass loss in the cold leg. These are just two recent
examples but it is important to be cognizant of the potential differences observed in static and flowing salt
experiments and the limitations of the static test.
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Figure 7-1. Normalized mass change of 316H samples exposed to FLiNaK salt for 1000 h in capsules or a
TCL. Actual temperatures of the loop specimens were 552°C and 647°C.
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Figure 7-2. Specimen mass change of 316H specimens as a function of estimated exposure temperature in
flowing FLiBe salt compared to values for FLiNaK salt after 1,000 h. The capsule mass change values are
shown as stars [Pint 2022a].

Traditionally, static tests were used as screening experiments followed by TCL experiments to verify
adequate compatibility before moving to more expensive forced convection experiments [ Vreeland 1953].
Currently, the majority of testing reported in the literature is static testing and relatively few flowing
experiments are reported.

A recent paper [Kelleher 2022] from TerraPower LLC, described the operation of ~49 thermal convection
‘microloops’ to test compatibility of Cl salts as well as an extensive review of the molten salt
compatibility literature. The term microloops refers to the 6.4 mm (0.25”) diameter, 0.89 mm wall
thickness tubing and ~0.5 m height used compared to 25.4 mm tubing and ~1 m height used with ORNL
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TCLs mentioned above [Raiman 2022, Pint 2022a, 2022b]. Combining the smaller dimensions, the
volume of salt is minimized to better enable the testing of fuel salts (which was mentioned, but no results
were provided [Kelleher 2022]). Collectively these experiments have generated over 9 years of flowing
data (>79,000 h) on nine different alloys using both NaCl-MgCl, and eutectic NaCl-MgCl,-KClI salt
(385°C melting point). Because of the small tubing, no specimens can be placed in the microloop (see
Figure 7-2) so characterization of the tubing wall is the only corrosion performance metric and salt
chemistries were not reported after testing. In addition, because the starting tubing wall thickness varied
by -12.5%/+20% the loss in wall thickness could not be accurately determined and only the thickness of
the reaction zone (e.g. depth of Cr depletion) could be measured which the author notes does not capture
uniform dissolution. Thus, no reaction rate data was provided for alloy 200 and 201 Ni tubing because
there was no reaction product to characterize. The reported depth of attack results are summarized in
Figure 7-3. The authors reported that microloops are sensitive to corrosion and plugging due to mass
transfer and many tests were terminated due to plugging of the loop after <1,000 h. Even Ni tubing (alloy
200 or 201) resulted in Ni crystals forming in the cold leg and restricting flow. As with all salt studies,
salt purification was an issue and nominally better results were obtained when the salt was purified using
Mg additions to the salt at 700°C [Kelleher 2022], shown as closed symbols in Figure 7-3.

Alloy N tubing was significantly attacked without salt purification resulting in short loop run times shown
by the open red diamonds in Figure 7-3. Alloy N performance improved in Mg purified salt (clogging after
~8,300 h) but because of the poor performance of alloy N, additional loops of Ni-based, Mo-containing
alloys 617, 625 and C276 also were evaluated for comparison. Both 3161 and 316H variations were
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Figure 7-3. Measured depth of attack on alloy tubing exposed to flowing Cl salt as a function of exposure time
with some tests stopped due to plugging of the loop. Most of the tests were run with NaCl-MgCl, (58-42 mol.%)
at a peak temperature of ~620°C and a temperature gradient of >100°C. The open symbol tests used unpurified salt
while the closed symbols were given a heat treatment with a Mg getter. Adapted from [Kelleher 2022] table of data.

evaluated. None of these loops ran beyond 1000 h because of significant attack. Changes in microloop
temperature profiles were used to identify potential plugging of the loop with reaction products which
required some tests to be stopped in < 1000 h. Readily available Ni-based alloy 600 was the most heavily
studied material and did show reduced attack when the salt was purified, closed green square symbols,
including one test at 760°C, Figure 7-3. Numerous examples were shown of mass transfer and deposition
of reaction products on the cold leg of microloops. The use of Mg additives to the salt as a redox agent
(as was done in section 4) was not discussed. Based on the experience with four ORNL Cl salt TCL’s the
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results may have been significantly different if the salt had been purified or dried and Mg added to the salt
(0.04wt.%) [Pint 2022b].

The next step in the progression of understanding compatibility is moving from TCL experiments to more
prototypical conditions in a forced circulation or pumped loop. Forced-circulation loops were employed
during the 1950’s Aircraft Reactor Experiment with a maximum fuel temperature of 871°C (1600°F) and
a maximum wall temperature of 927°C (1700°F) [Manly 1957]. Comparison of the results obtained from
TCLs with the data obtained from forced-circulation loops showed that the flow rate had a very minor
effect on the corrosion of Ni-based alloy 600 by the NaF-ZrF-UF, (50-46-4 mole %) fuel salt.
Furthermore, the forced-circulation loops were operated at different flow velocities to evaluate the impact
of increased flow velocities on corrosion. Based on the limited scatter observed in the corrosion data and
a lack of correlation between flow rates and depths of attack, it was concluded that flow velocities (in the
investigated range of Reynolds numbers from 5,000-15,000, proportional to velocity) had a negligible
effect on corrosion.

In summary, static tests are the start of the experimental process to evaluate salt compatibility. The
subsequent steps are a progression towards more prototypic application conditions including peak
temperature, temperature gradient, salt velocity and geometry. While static tests focus on compatibility
(i.e. salt corrosion), as the experiments progress in complexity, typically compatibility becomes less of a
concern and broader system functionality is the focus including sensors, inline purification and exploring
off-normal and accident scenarios.
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8. RECOMMENDATIONS ON EVALUATING
COMPATIBILITY DATA

This set of experiments and supporting information is an attempt to lay out recommendations for how to
interpret corrosion data, especially because there are no available standards for such experiments. Several
factors are important to take into account with questions included to consider:

1. Static vs. Flowing tests: Section #7 outlined that flowing experiments, especially in a
temperature gradient, should provide more relevant information than static experiments.

2. Salt chemistry: Have impurities been quantified or additives made? Also, consider whether
impurity evolution has been measured during experiments. Are ranges specified for salt purity
during operation?

3. Experiment container: Is this the same as the structural material? If different, is it impacting the
experiment? Has adequate characterization been used to assess and quantify the impact?

4. Environment. Is the environment static (e.g., sealed) or is a flowing gas present? Is the test
environment prototypical of operation? Could the experimental environment contribute
impurities to the salt as a function of time? Has the potential for contamination been quantified?

5. Temperature: Are experimental temperatures relevant to operation? Do they capture the
expected temperature range in the salt during operation? Do the experiments consider off normal
or accident conditions? How will temperature impact compatibility?

6. Time: Are experimental times relevant to operation? How has time evolution been considered?
In a static environment, can the reaction be limited because equilibrium is approached, thereby
inhibiting the reaction? Has modeling been verified? (Modeling will be addressed in a subsequent
report.)

A repeated point of emphasis is that some combination of assessments is needed to produce a
comprehensive understanding of salt compatibility including specimen mass change, depth and type of
attack, changes in salt chemistry and changes in electrochemical potential.

8.1 HOW TO EVALUATE TECHNOLOGIES

During exposure of a structural material in molten halide salts, multiple corrosion mechanisms such as
galvanic corrosion, anodic dissolution, impurity driven corrosion, and thermal gradients might be
simultaneously active [DeVan 1969, Ozeryanaya 1985]. Experimental evaluations under realistic test
conditions are essential to evaluate compatibility of the candidate materials during exposures in molten
salts. Quantitative effects of salt chemistry and temperature on the salt chlorine\fluorine potential during
the interaction with multicomponent alloys are not well established. Ultimately, the lack of a standard
procedure for testing corrosion in molten salts results in non-representative mass change measurements
which complicates quantifying the extent of corrosion damage. The main variables resulting in
discrepancies of reported corrosion rates are a lack of consistency in salt chemistry (different purification
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procedures), use of different container materials (dissimilar capsule/test material combinations and
variations in the V/SA ratio) and employing distinct test procedures (capsule/loop tests).
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