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ARTICLE INFO ABSTRACT

Keywords: As fusion devices push to become more compact, economical, and high performance, one potentially enabling
Liquid _lithi“m technology is liquid lithium-based plasma-facing components (LL-PFCs). In our work, a new experimental setup
Corrosion was created to investigate the corrosion of seven fusion-relevant materials at 300 °C for 2000 h (~3 months). A
Characterization

Fusion material suite of surface, chemical, and imaging diagnostics were performed to determine the compatibility of the ma-

Nuclear reactor terials with liquid lithium. The seven materials were: tungsten, molybdenum, 304 stainless steel, 316 stainless

PFCs steel, Inconel 625, silver-plated 316 stainless steel, and aluminum bronze. These materials can be roughly split
into three categories: 1) refractory metals traditionally used as solid PFCs, 2) structural materials used for
supports, and 3) bolt materials used for securing structures. Each material was submerged in a liquid-lithium
filled canister and analyzed with a suite of chemical and imaging techniques. After investigation, it was deter-
mined that all the refractory and structural materials had a corrosion resistance of <1.0 um/yr which will likely
be an acceptable rate for future devices. However, both the silver-plated 316 stainless steel and aluminum bronze
showed significant degradation over the course of the testing.

1. Introduction

The use of lithium as the plasma-facing surface for fusion can provide
a myriad of benefits, including increased fusing volume, better fuel
particle handling, and a reduction in damaging off-normal events [1].
Increasing the fusing volume enables more energy production per unit
volume of reactor. Enhancing the fuel handling can lower the tritium
inventory at the reactor site, making reactor licensing cheaper and
quicker. A reduction in the frequency and amplitude of edge localized
modes (ELMs) has been shown experimentally [2] which would mean
less damage, maintenance, and down-time for a fusion pilot plant (FPP)
/ power station. However, the use of liquid lithium in these devices
comes with a variety of challenges. The conductive fluid must be fully
controlled in the system as it travels through spatially-varying magnetic
fields. A full understanding of magnetohydrodynamics [3] and wetting
dynamics [4] of the lithium in these systems is needed for fusion tech-
nology. The extraction of entrained fuel species from the liquid lithium
is required for steady-state operation [5-6]. The high reactivity between
lithium and water means that water cannot be used as a coolant, because
of the dangers of loss of coolant accident (LOCA), leading to a more

* Corresponding authors.

complicated/less efficient heat exchange system. All of these issues are
being investigated and have potential solutions.

The primary requirement for the development of the divertor
plasma-facing components (PFCs) is the ability to handle the large heat
flux received from the leaking particles [7-15]. Most solid PFC designs
are created to withstand a steady-state heat flux of 10MW/m? [16],
which is the expected heat flux in ITER, the world’s largest fusion de-
vice. These solid PFC materials are relatively easy to create and have no
moving parts, making them easy to utilize in devices. Out of all the
potential solid PFC materials, tungsten has the most desirable properties
and is the most technologically developed material. In FPP/power sta-
tion design studies in order to simultaneously achieve high fusion power
and 10MW/m?, the incident angle between the plasma and the solid PFC
is typically ~2° [17]. Transient off normal events can cause melting of
solid PFCs. Once tungsten solidifies, the solid PFC has a completely
different shape, possibly interfering with plasma performance. Also,
sputtered tungsten can enter the plasma, cooling it, and, ultimately,
resulting in plasma collapse. One additional problem in tungsten
divertors is the formation of tungsten fuzz during helium bombardment
[13-15].
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Fig. 1. Image showing the setup of the canisters holding the samples submerged in liquid lithium. The argon feed and canister insulation are also seen. Each canister
is labelled with the corresponding material. Refer to Table 1 to compare the abbreviated names to full material names.

Table 1
Shortened names of each material, sometimes used for brevity.

Full Name Shortened Name
Tungsten w

Molybdenum Mo

Aluminum Bronze AB

304 Stainless Steel 304

316 Stainless Steel 316

Silver Plated 316 Stainless Steel SP316

Inconel 625 625

In the case of lithium, it can only operate as a liquid divertor since
lithium melts at 181 °C. A variety of different designs for liquid lithium
divertors have been proposed. In terms of slow-flowing systems, the
capillary porous system (CPS) [16] and the lithium vapor box [18] are
being considered. In CPS, lithium is contained inside a porous mesh that
allows the lithium to slowly move through the structures. The lithium
vapor box utilizes lithium vapor to volumetrically absorb the diverted
fusion power. Liquid-Metal Infused Trenches (LiMIT) [19] and Flowing
Lithium Limiter (FLiLi) [20] utilize lithium flows of ~cm/s. LIMIT uti-
lizes the heat flux from the plasma and thermoelectric magnetohydro-
dynamics (TEMHD) to drive the flow through millimeter sized
structures. FLiLi relies on gravity driven flows down angled plates. Fast
flow systems (>1 m/s) such as the International Fusion Material Irra-
diation Facility (IFMIF) [21] and Flowing Liquid Torus (FLIT) [22] have
also been proposed. Both of these concepts utilized jets of lithium to
absorb the heat flux from the plasma. Each of the above concepts utilizes
the benefits of the liquid lithium surface to help handle the particle and
heat flux in the fusion divertor. However, each of these concepts has to
overcome the challenges of implementing a liquid lithium-based PFCs in
IFMIF [23-24].

The vapor pressure of lithium is considerably higher than that of
solid materials or other liquid metal candidates [23]. A variety of

techniques are being investigated to tackle the real-time removal of
hydrogen isotopes from liquid lithium [24-25]. Modeling of lithium
flows in a variety of magnetic configuration is ongoing in many national
labs and universities [26-27]. Additionally, the free surface stability
needs to be understood to avoid exposure of underlying structures to the
plasma or production of large droplets that can enter the plasma. Both
modeling and experimental work have been performed to predict and
reduce surface instabilities [27-28]. To investigate the severe corrosion
of materials under lithium exposure, many studies have been performed
analyzing lithium corrosion dynamics of metals, mostly for the nuclear
fusion sector [28-33]. Substantial previous work has been performed in
an attempt to gain the understanding to develop materials that are not
corroded by liquid lithium in fusion devices [34-40]. In order for
lithium to be utilized in a nuclear fusion device, it must be compatible
with all the materials it comes into contact with. Numerous studies
conducted on lithium corrosion, very few are conducted at the operating
temperatures expected in a lithium divertor (=300 °C). A continued
work is needed to investigate the compatibility of desired materials in
the fusion-relevant lithium environment.

This work studies the alkaline nature of lithium which makes it
highly corrosive to a wide array of materials. The objectives of this work
were to investigate liquid lithium corrosion in nuclear fusion reactor
materials and to characterize our samples using various diagnostic tools.
In Section 2, the experimental design and operation details were
explained in detail. The findings on seven materials: tungsten, molyb-
denum, 304 stainless steel, 316 stainless steel, Inconel 625, silver-plated
316 stainless steel, and aluminum bronze were discussed in Section 3.
Finally, in Section 4, the results obtained in this work were summarized.

2. Experimental setup

To test the corrosion of materials in liquid lithium for extended pe-
riods of time, a new system needed to be developed. This new system
was designed to test six materials at a same time in static liquid lithium
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Fig. 2. CAD of the sample stand highlighting how each sample type is mounted inside the canister. Left is for large samples and Right is for bolts which much
maintain integrity even under stress.
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Fig. 3a. EDS of the tungsten sample, showing average surface composition, obtained from EDS analysis at 500X magnification for lithium-exposed samples (blue)
and heat-treated sample (gray). Some pickup of Fe is evident and is expected to have come from the stainless-steel vessel. Oxygen has increased on the surface, likely
due to the formation of lithium-oxide. The tungsten concentration has gone down with the increase in these other elements. Error bars represent the standard
deviation in composition and the numbers above the bars give the change in average composition after testing.
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Mass measurements and corrosion rate for the large tungsten samples. A consistent amount of mass was lost in all three of the large samples. For the detectable mass
change, a green check mark (v) suggests that the mass loss was outside of the error bars, while a red (X) suggests otherwise.

Sample Mass Before (g) Mass After (g) Mass Change (g) Detectable Corrosion Rate (umyr ")
Mass Change
L1 25.281 =+ 0.0003 25.276 + 0.0005 —0.005 + 0.0006 v —0.88 + 0.103
L2 26.294 + 0.0005 26.290 + 0.0005 —0.004 + 0.0007 v —0.70 + 0.123
L3 25.692 + 0.0008 25.687 + 0.0009 —0.005 + 0.0012 v —0.88 + 0.211
Average - - —0.005 + 0.0005 v —0.82 + 0.088
Table 3

Mass measurements and corrosion rate for the large molybdenum samples. Mass was lost in each of the large samples, however, the mass loss was less than tungsten.
Using the corrosion rate to remove the density dependence reveals that the corrosion is slightly slower for molybdenum than tungsten. For the detectable mass change,
a green check mark (v) suggests that the mass loss was outside of the error bars, while a red (X) suggests otherwise.

Sample Mass Before (g) Mass After (g) Mass Change (g) Detectable Corrosion Rate (umyr ')
Mass Change

L1 13.287 £ 0.0005 13.286 + 0.0003 —0.001 + 0.0006 v —0.33 £ 0.194

L2 13.340 + 0.0008 13.337 + 0.0005 —0.003 + 0.0009 v —0.99 + 0.312

L3 13.406 + 0.0005 13.403 + 0.0005 —0.003 + 0.0007 v —0.99 + 0.234

Average - - —0.002 + 0.0004 v —0.77 £ 0.145

at 300 °C for 2000 h. These particular design choices were made to
simulate the operational temperature of future lithium-based reactors.
300 °C is a good choice for operating temperature because it is above the
melting temperature of the lithium, while keeping the vapor pressure
low (<107° Torr) [31]. Moreover, the vapor pressure of lithium be-
comes quite high beyond 450 °C. For this reason, many liquid lithium
divertor component designs attempt to have an operational temperature
near 300 °C. The duration of 2000 h was chosen as it gives sufficient
time for corrosion to occur while being reasonably achievable as a
short-term experiment. The seven materials chosen to study where:
tungsten, molybdenum, 304 stainless steel, 316 stainless steel, Inconel
625, aluminum bronze, and silver-plated 316 stainless steel. Each of
these materials will potentially play a crucial role in future fusion re-
actors with liquid lithium-based PFCs, so their corrosion dynamics need
to be understood under expected operating conditions.

Fig. 1 shows an image of the assembled canister mounted into the
system. The buckets seen below the aluminum support are filled with
fiberglass insulation to prevent excess heating of the surroundings and
limit the amount of power required to keep the lithium at 300 °C.
Table 1 gives a list of the abbreviated names used in Fig. 1 and

sometimes used in the subsequent sections for brevity. A 316 stainless
steel sample stand was placed inside each canister to hold and organize
the samples during the experiment. Fig. 2 shows how samples were
mounted onto the sample stand. For all but the molybdenum and
tungsten canister, each of the three samples types were mounted into the
sample stand. Small samples were screwed into the support structure
and therefore were only exposed to lithium on five sides. Large samples
were hung from the support structure by 316 stainless steel wire and saw
full exposure to lithium. Stressed bolt samples were mounted inside a
holder which was hung from the sample stand. Each stressed sample
should have allowed lithium around the outside and inside of the bolt.
The sample stand also allows for small samples suspended on a wire to
be inserted into an isolated tube during the experiment. This allowed for
these samples to experience the heating but not the lithium exposure
during the 2000 h, allowing for lithium corrosion versus thermal
treatment effects to be distinguished.

A safe and fully controllable operation was desired, with all the data
acquisition and system control computerized. As such, custom printed
circuit boards were made for control and measurement of the heater
output. A LabJack data acquisition device was used to collect the analog
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Fig. 3b. EDS of the molybdenum sample, showing average quantitative surface composition obtained from EDS analysis at 10000X magnification for all lithium-
exposed samples (blue) and heat-treated sample (gray). Like the tungsten, the molybdenum seemed to pick up stainless-steel components from the canister. Oxy-
gen is also present on the surface after lithium exposure, with a slight decrease in molybdenum. Error bars represent the standard deviation in composition and the

numbers above the bars give the change in average composition after testing.
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Fig. 4a. 304 stainless steel sample, combined laser and optical images obtained by 3D profilometry before and after testing.
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Fig. 4b. 316 stainless steel sample (small sample), combined laser and optical images obtained by 3D profilometry before and after testing.
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Fig. 4c. Inconel 625, combined laser and optical images obtained by 3D profilometry before and after testing.

signals and control the digital communication sent to other electronics.
The Labjack was able to control the heater output and read the six
thermocouples, six heater currents, and system pressure. A Python
software was written to allow the user to control the experiment and
save the required data. Each of the six canisters were controlled indi-
vidually, meaning that the 2000 h of one material did not have to
overlap with that of another canister.

Along with data saving and system control, the software was built to
include error tracking that could respond to off-normal events that
required system maintenance, such as over-heating or heater failure. In
the event of an error, the system would respond to the problem and send
users an alert email to describe the problem with the system. Users could
then remotely log into the system and check on system status or perform
additional system control steps. Along with alert emails, the system
would send daily update emails to the users to ensure that everything
was working properly. It was this software and control system that
allowed for the safe overnight and extended operation of this liquid
lithium system. The lithium we used had a purchased purity of 99.9%.
The argon glovebox was handled to maintain a <0.1 ppm of both oxygen
and water, and it is always kept at a positive pressure. Some nitrogen
contamination is possible in the glovebox over time, but it was mini-
mized as best as possible. Positive argon gas pressure and the double ball
valve method during canister deployment throughout experiments was
used to maintain the purity of lithium.

3. Results
3.1. Surface composition analysis of refractory materials

Refractory metals are traditionally used as solid PFCs. However, new
liquid lithium PFC designs sometimes utilize the refractory metal as the
substrate on which the lithium flows. This is done to ensure that sig-
nificant material degradation does not occur if some of the underlying
substrate is exposed to the plasma. Tungsten samples were placed inside
the same canister as the molybdenum samples. This was due to the fact
that refractory metals are not expected to be used as structural materials
and no tensioned samples were tested. Since the canister sample stand
was split between two materials, four small samples were exposed to
lithium, and two samples were heat-treated. Three large tungsten sam-
ples were loaded as well, the same as all other canisters. As with the
tungsten samples, seven molybdenum samples (3 large, 4 small) samples
were exposed to lithium, and two samples were only heat-treated.
During the cleaning process, the molybdenum samples were handled
the same properties as the tungsten samples.

Quantitative energy dispersive spectroscopy (EDS) data for the
tungsten sample is shown in Fig. 3 (a). Negligible changes in composi-
tion are seen in the heat treat sample, and are most likely due to the EDS
images being taken at different locations before/after heating. In the
lithium exposed samples, the increases in iron, sodium, and oxygen are



C.D. Moynihan et al.

After

Before

S1

S2

«
.

S3

S9

Fusion Engineering and Design 199 (2024) 114102

x10000
After

Before

Fig. 4d. SEM images of 316 stainless-steel, before and after testing.

clearly seen. The loss in tungsten weight percent is a result of EDS
enforcing the sum of all analyzed elements to be 100 wt%. Along with
surface studies, bulk analysis methods were employed. Mass measure-
ments of the large samples, along with detailed measurements, yield
corrosion rates shown in Table 2. The samples clearly lost mass over the
course of the 2000 hour test, yielding an average corrosion rate of (0.820
+0.088) ym - yr L.

Table 3 shows the mass loss of the large molybdenum samples.
Minimal mass loss occurred over the 2000 h, corresponding to a corro-
sion rate of (0.770 + 0.145) um/yr. Fig. 3 (b) shows that a small pickup
of iron was present on the surface, similar to the tungsten. In addition,
oxygen increased on the surface.

3.2. Surface and composition analysis of structural materials

Structural materials are needed to create support structures, as well
as the vacuum vessels needed for fusion systems. These same materials
will often also be used as the tubing material for transporting lithium
from an external reservoir into the reactor. Of particular interest, is the
300 series of stainless steels, which are often used by manufacturers for
vacuum vessel fabrication. These alloys contain a mixture of elements,
so understanding their corrosion is easiest done through experimenta-
tion with the exact alloy used. In some instances, advanced alloys with
superior performance are required. One such alloy is Inconel 625, which
is analyzed here with 304 stainless steel samples and 316 stainless steel
samples. Fig. 4 (a)-(c) displays the profilometry images for the small 304
stainless steel, 316 stainless steel, and Inconel 625 samples, respectively.

SEM images as shown in Fig. 4 (d) does show some deposits on the
surface of the sample after exposure for the 316 stainless-steel. Inter-
estingly, the deposits on the heat-treated sample (S9) seem to be a

different material, as they have different contrast compared to the fea-
tures on the lithium-exposed samples. SEM imaging in Fig. 4 (e) shows
the same dark deposits as were present in the 316 stainless steel imaging.

3.3. Surface and composition analysis of bolt materials under stress

While bolts can be made from the same materials as used for struc-
tural components, those materials tend to suffer from galling, especially
with thermal cycling. To combat this, materials are used that tend to
provide some lubricity. Two common materials used in vacuum systems
are silver-plated 316 stainless steel and aluminum bronze. The silver-
plating acts as a protective layer on the stainless steel and prevents
the galling that commonly happens. Aluminum bronze is used for its
high tensile strength and corrosion resistance in acidic and humid
environments.

Fig. 9 shows the samples after cleaning and just prior to baking.
Aluminum bronze was severely attacked by liquid lithium at 300 °C.
Upon initial inspection, the lithium looked like all other canisters after
cooling shown in Fig. 9(a), but upon placement in the cleaning water,
particulates rapidly appeared in the water shown in Fig. 9(b). Once the
canister was removed from the cleaning water, lithium reaction prod-
ucts filled nearly up to the top of the sample stand shown in Fig. 9(d).
After the stand was removed from the canister, these products could be
seen clinging to the samples and stand shown in Fig. 9(g). These reaction
products were rinsed off the sample stand shown in Fig. 9(e) and a
thinner layer of the products still remained.

After this bulk water cleaning, the water was still clear with many
particulates floating around, both on the surface and in solution. The
samples were removed from the sample stand and the cleaning with
distilled water and acetone began. During the removal, all of the bolts
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Fig. 4e. SEM images of the Inconel 625 before and after testing.
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Fig. 5. XRF chemical compositions before and after lithium exposure. Like the EDS results, the XRF scans show no change in the composition of the Inconel samples.
In this case, the heat-treated sample actually have more variation than the lithium exposed samples. The height of the bars represents the average composition of
samples S1-S3. The text above the bars represents the change in chemical composition after lithium exposure.
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Before After

Fig. 6. EDS surface composition images of a representative lithium-exposed small aluminum bronze sample. Copper is depleted in regions with heightened Fe
concentrations. Ni-Al compounds seem to form in the surface, similar to the silver-plated 316 stainless steel. Oxygen present on the surface is most likely signifying
the formation of lithium-oxide in the surface.
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Fig. 7. SEM images before and after testing for the aluminum bronze. The left two columns are at a X500 magnification and the right two at a x10000 magnification.
The porosity of the sample is easily seen in the SEM images after lithium exposure. However, chemical analysis is needed to understand the compounds in each region
of the porous media. Samples S1-S3 were exposed to lithium and sample S9 was only heat-treated.

Li Exposed

I Before
B After

Weight Percent [%)]
—

Ag Al Au Cr Cu Fe Mn Mo Nb Ni P S StV
Heat Treat

Weight Percent [%)]
—_

' 0.
Ag Al Au Cr Cu Fe Mn Mo Nb Ni P S SiV
Fig. 8. XRF chemical compositions before and after lithium exposure. Like the other analyses, XRF confirms the nearly complete removal of the silver plating. Again,

the composition changes to that of the underlying 316 stainless steel. The height of the bars represents the average composition of samples S1-S3. The text above the
bars represents the change in chemical composition after lithium exposure.
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¢

Fig. 9. Images of the cleaning process for the aluminum bronze samples. (a) Slag formed on the top of the lithium after removing from the experiment and exposing
to air. (b) Reaction of lithium in canister with the cleaning water. Particulates are seen flowing from the canister immediately. (c) Bolt sample broken into two pieces
after removal. (d) Corrosion products left in the canister after water cleaning. These products were granular and the sample stand could be removed. (e) Sample stand
was covered with corrosion products after water cleaning. These products could not be simply washed or wiped from the surface. (f) Black discolored water during
individual sample cleaning and sonication. (g) Image of the sample stand as it was removed from the canister. Corrosion products covered the entire stand.

completely snapped shown in Fig. 9(c) and the nuts could not be
removed. The water turned black under sonication with distilled water
shown in Fig. 9(f) and took multiple rounds of sonication to run clear.

4. Discussion

For refractory metals, the obtained corrosion rate ((0.820 + 0.088)
pm - yr 1) is likely acceptable in most situations, as PFCs lifetimes are
typically less than five years resulting in sub-5 um surface loss. For
structural metals, only mild surface discoloration is seen on all the
samples, including the heat-treated sample [see Fig. 4 (a)]. It seems that
the heating may have caused the discoloration rather than the lithium
exposure. The left two columns show results at 20X magnification and
the right two columns 150X magnification. Sample S9 was not exposed
to lithium and only thermally treated as shown in Fig. 4 (a). Very little
change is seen in the surface apart from some large number of particu-
lates [see Fig. 4 (b)]. It is possible that these particulates are corrosion
products or simply dust on the sample after cleaning. The left two col-
umns show results at 20X magnification and the right two columns 150X
magnification. Sample S9 was not exposed to lithium and only thermally
treated as shown in Fig. 4 (b). The Inconel 625 shows very little surface
degradation under optical profilometry, performing better than both
stainless steels [see Fig. 4 (c)]. Like the 316 stainless steel, the surface
has some larger particulates present after exposure. The left two

12

columns show results at 20X magnification and the right two columns
150X magnification. Sample S9 was not exposed to lithium and only
thermally treated as shown in Fig. 4 (c). On average, little discoloration
is observed in the post-Li samples compared to the pre-Li images. Optical
profilometry of the 316 stainless steel shows very minimal surface
discoloration or tarnishing as shown in Fig. 4 (b). No major surface
changes are apparent from the images. Inconel 625 did not show the
same surface discoloration during 3D profilometry as the stainless steels
as shown in Fig. 4 (c). However, there is significantly more dust or de-
posits on the surface after cleaning.

The surface looks very similar after lithium exposure at 500X, but
some dark splotches seem to appear at higher magnification [see Fig. 4
(d)]. The composition of the material on the lithium-exposed versus heat-
treated sample seem to be different based on the different contrast in the
image. The left two columns are at a X500 magnification and the right two
at a x10000 magnification. Samples S1-S3 were exposed to lithium and
sample S9 was only heat treated as shown in Fig. 4 (d). In Inconel 625,
Like the 316 stainless steel, dark splotches are present in the lithium
exposed samples [see Fig. 4 (e)]. The depositions on the heat-treated
sample appear to be a different material, as the contrast is significantly
different. It is unclear if the splotches are raised off the surface of the
samples. The left two columns are at a X500 magnification and the right
two at a x10000 magnification. Samples S1-S3 were exposed to lithium
and sample S9 was only heat treated as shown in Fig. 4 (e).
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Fig. 10. Sample images of one large sample for each material tested before (left) and after (right) lithium exposure. Most materials are relatively unaffected by
lithium exposure. The structural materials show no change in their surface appearance. The refractory metals show some discoloration and appear less reflective. The
bolt materials (aluminum-bronze and silver-plated 316 stainless steel) are attacked extensively by the lithium.

Like EDS, XRF shows very high consistency between lithium exposed
and heat-treated samples (see Fig. 5). Elemental imaging (shown in
Fig. 6) show erosion / deposition of O, Ni, Fe, Al and Cu. It was observed
that Ni-Al compounds seem to form in the surface. It also seems the
copper depleted regions are filled with iron. Some small iron clusters
were seen prior to exposure, so it is possible that the lithium simply
removed all the surrounding material. In Fig. 7, SEM images reveal the
porous nature of the samples after exposure. Lithium seemingly attacked
the sample along grain boundaries to work its way into the surface. EDS
shows that the surface is slightly depleted in copper, with an enrichment
in Fe, Ni, and O. The oxygen is likely accompanied by lithium in the form
of lithium-oxide. Overall, the sample seems to have a similar composi-
tion, with large pieces of material removed. XRF again confirms the
removal of the silver plating, as seen in Fig. 8. Similarly, the components
of the 316 stainless-steel appear in the analysis. As shown in Fig. 9, for
bolt materials under stress, clearly, aluminum bronze cannot withstand
lithium exposure. It seems that the reaction was ultimately limited by
the availability of lithium to form reaction products or the solubility of
elements into the lithium.

Fig. 10 shows images of the large samples before and after lithium
exposure. Fig. 11 shows the corrosion rate comparison across materials.
Table 4 gives qualitative results of each material. The refractory metals,
tungsten and molybdenum, performed well in the lithium environment.
Neither material suffered large mass loss during testing. In agreement
with literature, the refractory metal corrosion seems to be based on the
dissolution of the metal into the lithium solution. The structural mate-
rials, 304 stainless steel, 316 stainless steel, and Inconel 625, also per-
formed well during the lithium exposure. Mass loss was minimal and the
surfaces remained polished after exposure. Both of these groups of ma-
terials seem to be acceptable candidate materials for use in liquid
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lithium PFC environments. On the other hand, the bolt materials, silver-
plated 316 stainless steel and aluminum bronze, completely failed under
lithium exposure. The silver plating was entirely removed from the
plated sample, nullifying the benefits of the coating and adding impu-
rities to the lithium. Importantly, we believe that all of the lithium had
reached with the aluminum bronze and if we had replenished the
lithium, then all of the aluminum bronze would have reacted.

5. Conclusions

Liquid lithium-based PFCs offer a variety of benefits to fusion per-
formance but come with a number of challenges, including flow control,
reactivity, and corrosion. While primarily examining a nuclear fusion
context, this study measured corrosion in lithium systems. Such mea-
surements can become complicated because there are many factors that
contribute to the corrosion dynamics. In order to understand how a
material reacts with LL-PFCs, a comprehensive chemical analysis, sur-
face analysis, and variety of imaging techniques were used.

A new experimental setup was designed and fabricated to test these
seven materials. Operation at 300 °C for 2000 h was achieved through
band heaters and the use of an automated data collection and control
system. Safe overnight operation occurred by means of software with
built-in safety protocols that could respond to off-normal events. Indi-
vidual canisters were isolated from each other by means of a double ball
valve system and software isolation that allowed individual canister
control and timing. Lithium purity was maintained by positive argon
pressure during experimentation and by the double ball valve system
during canister placement. Materials were separated with the use of six
individual canisters. Analysis was simplified by utilizing multiple sam-
ple shapes and sizes for the various analysis techniques.
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Tungsten

Silver Plated*
316 Stainless Steel

Molybdenum

Inconel 625

Aluminum Bronze**

316 Stainless Steel

1

304 Stainless Steel 0.71 pm-yr—

683.36 pm-yr—!

T T L T T T L
100 101 102 103
Corrosion Rate [um/yr]

Fig. 11. Comparison of the corrosion rates of all materials tested. The corrosion rate calculated removes the density dependence in mass loss-based rates and is a
more direct comparison between materials. *Corrosion rate is likely much greater than reported, due to complete removal of silver layer. **Corrosion rate is likely

much greater than reported, due to copper saturation of liquid lithium.

Table 4
Overview of material degradation of all seven materials tested after lithium exposure for 100 h at 300 °C.

Material Appearance Surface Structure
Tungsten - slight discoloration __-no conclusive roughness changes
Molybdenam ~light discoloration | EORORINSNETOUEAESS CHAnGESI
- potential loss of grooves
304 Stainless Stecl S SAHAGE GO IoHORIS R R Rough eSS chaEeS
316 Stainless Steel [ SUHAGSRISCO GG O GoneS e aghness CarEes I
Inconel 625 - little surface discoloration _ - no conclusive roughness changes

Silver-plated 316 Stainless Steel | ENEHIAHRIIEConSAerbloughea

Aluminum Bronze

Material Mass Change Chemical Changes
Tungsten TS :
- lithium-based-deposits on surface
Molybdenum

- surface deposits of Fe, Li, Na, Mg, O

304 Stainless Steel
316 Stainless Steel
Inconel 625

Silver-plated 316 Stainless Steel EEEERI ORI

Aluminum Bronze

-
S
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The refractory metals, tungsten and molybdenum, performed well in
the lithium environment. Neither material suffered large mass loss
during testing. In agreement with literature, the refractory metal
corrosion seems to be based on the dissolution of the metal into the
lithium solution. The structural materials, 304 stainless steel, 316
stainless steel, and Inconel 625, also performed well during the lithium
exposure. Mass loss was minimal and the surfaces remained polished
after exposure. Both of these groups of materials seem to be acceptable
candidates for use in liquid lithium PFCs environments. On the other
hand, the bolt materials, silver-plated 316 stainless steel and aluminum
bronze, completely failed under lithium exposure. The silver plating was
entirely removed from the plated sample, nullify the benefits of the
coating and adding impurities to the lithium. The aluminum bronze
samples lost large amounts of mass and were likely only remaining
because there was not enough lithium remaining to continue to form
reaction products.

Moving forward, additional testing needs to be performed to deter-
mine the longevity of these materials in changing environments. A
temperature sweep should be conducted to make sure there is not a
major change in corrosion rate with temperature, and flowing corrosion
testing should be done for lithium PFCs systems. Further investigation is
needed to test novel materials or coatings for use as bolts in a liquid
lithium environment for fusion reactors elemental transfer, intergran-
ular attack, influence of impurities, and influence of lithium flow are
suggested for future investigations.
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