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In this study, the corrosion behaviours of molybdenum (Mo) and a Mo-based alloy (TZM) were investigated using
a static immersion corrosion technique. Weight loss, surface microstructure, and corrosion depth of Mo and the
TZM alloy were correlated with elements. The compatibility of Mo and the TZM alloy in static liquid Li was
suitable. Mo demonstrated uniform corrosion with a homogenous dissolution of free C and Mo, and TZM alloy
exhibited a nonuniform corrosion behaviour with a preferential grain boundary attack caused by the selective
dissolution of free C, Ti, and Zr. When the surface oxidation layer of the samples was consumed, free C from Mo
and TZM diffused into molten Li to form Li;Cy and then was captured by Zr, Ti, and Mo to form thermody-
namically stable carbides, which resulted in the enrichment of the C layer near the sample surfaces. In addition,
Ti and Zr acted as N-trappers in liquid Li; the formation of Zr and Ti nitrides resulted in the enrichment of N, Ti,
and Zr elements on the surface and led to TZM corrosion increase. Thus, Zr and Ti depletion, pitting, and grain
boundary corrosion were problematic for TZM under long-term exposure to liquid Li. Reducing the content of
free C and nonmetallic N and increasing the amount of Ti and Zr carbides on the surface of and inside the raw
TZM alloy helped improve the corrosion resistance of TZM in liquid Li.

1. Introduction

The liquid metal blanket concept is promising for realising a high-
power-density DEMO fusion blanket system due to its advantages such
as continuous replacement of breeders for reprocessing, no radiation
damage of the breeder, simpler blanket structure, and better thermal
transfer than solid blanket concepts [1,2]. Two liquid metals of pure Li
and eutectic lead lithium alloy (Pb-Li) are considered promising can-
didates to meet fusion reactor specifications. Liquid Li blankets have
several inherent advantages, including a high tritium breeding ratio
without the equipment of an additional neutron multiplier and high
tritium recovery efficiency even under a low content of approximately 1
ppm, over eutectic Pb-Li; moreover, the system pressure of tritium is <
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107% Pa, which is six orders of magnitude less than that of the Pb-Li
system [3,4]. Furthermore, the interaction of plasma with the first wall
is a main problem in achieving high-power and long-pulse plasma in
fusion devices [5]. Selection of appropriate plasma facing materials
(PFMs) and the wall conditioning technique are two important aspects
[6-8] to obtain high-performance plasma. Liquid Li, serving as PFM, has
large potential to improve plasma performance. Various static liquid Li
walls, including free surface and capillary pore structures, have been
investigated in many fusion devices, and encouraging results have been
obtained; for example, plasmas with low recycling, reduced impurity
levels, and high confinement have been achieved. In addition, flowing
liquid Li walls can withstand high heat loads and particle fluxes of
plasma to prevent the blistering, cracking, and melting of underlying
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Table 1
The chemical compositions and ratios of materials.
Li Composition Na K Ca Fe
wt% 0.0045 0.0002 0.0015 0.003
Mo Composition Al Ca Fe C
wt% 0.005 0.004 0.015 0.02
TZM Composition Ti Zr C Fe
wit% 0.50 0.09 0.02 0.010

N si al Al Ni Cu
0.0027 0.002 0.002 0.001 0.002 0.001
Mg si Ni N o Mo
0.005 0.010 0.005 0.003 0.010 Bal
Ni si N o Mo /
0.005 0.010 0.002 0.030 Bal /

solid substrates during plasma discharge [9-14]. Hence, liquid Li is now
being considered a potential candidate for plasma-facing components in
the first wall as a limiter/divertor in fusion devices.

Mo and Mo-based alloys are suitable materials for high-temperature
structural applications due to their excellent mechanical properties of
high tensile strength and substantially high creep strength at high
temperatures [15]. In both a fusion reactor and an advanced nuclear
power plant, structural materials are highly desired for increasing the
thermal efficiency and securing system safety during a long-term service
at high temperatures. Mo- and Nb-based alloys are promising materials
for structural applications in advanced nuclear plants [16]. Moreover,
Mo exhibits properties, such as high thermal conductivity, low hydrogen
isotope retention, and low sputtering rate, which are suitable for the
wall components of fusion devices. In 2012, EAST substituted graphite
tiles with Mo tiles to facilitate metal wall operations [7]. For the JT-60
device, the first stage of PFMs is TiC/Mo [17]. In addition, Mo has better
wettability with liquid Li than other candidate materials, such as tung-
sten and stainless steel [18,19]. Therefore, to improve the spread area of
Li and corrosion resistance of wall components, Mo and Mo-based alloys
have been used as substrate materials for a liquid Li limiter and a
divertor in many fusion devices, such as NSTX [9], EAST, CDU-X [11],
and FTU [20]. Mo and Mo-based alloys have played and will continue to
play an important role in the nuclear field. For the Mo alloy materials
utilised in the severe environment of the liquid alkali first wall, liquid
blanket, and alkali metal-cooled fast breeder reactor, suitable compati-
bility with the liquid alkali metal is the first requirement. Liquid Li is an
alkali metal with a high chemical reactivity and strong corrosion. Hence,
corrosion resistance against Li is one of the most important properties
and of general interest for use in such applications.

However, limited information regarding the compatibility of Mo-
based alloys and liquid Li is available. Saito et al. [16] studied the
corrosion behaviour of both binary Nb- and Mo-based alloys in liquid Li
at 1473 K and showed that there were no cracks and few corrosion
products on the surface of Mo-based alloys, and the weight change of
binary Mo-based alloys was approximately 10 factors smaller than that
of binary Nb-based alloys. Inoue et al. [21] also reported that Mo-based
alloys exhibited higher corrosion resistance than Nb-based alloys in
liquid Li, Mo-Re-based alloys showed mass gain due to corrosion, and
the amount of mass gain increased with the corrosion time [15]. Katsuta
et al. [22] reported that TZM and pure Mo showed mass gain when they
were maintained at 873 K for 1018 h in liquid Li containing 0.1 mass%
N, and the corrosion rates of Mo and TZM were 2 and 5 mm/yr,
respectively. He et al. [23] investigated the effects of high-flux helium
plasma irradiation on the corrosion behaviours of liquid Li on Mo sur-
faces. They found that after immersion in liquid Li, Mo showed slight
corrosion regardless of exposure to plasma or not, and the diffusion of
carbon to bulk was suppressed with a fuzz layer. These studies are
important to understand the corrosion behaviours of Mo and Mo-based
materials in liquid Li; however, they are not sufficient to understand the
corrosion mechanism and evaluate the service life of these materials in
liquid Li.

In consideration of the lifetime of Mo and Mo-based alloy parts and
the safety of fusion devices with the use of liquid Li, the corrosion
characteristics of Mo and Mo-based alloys in liquid Li must be well
understood. Mo-based materials find several applications in the liquid Li
first wall and blanket. The critical wetting temperature range of liquid Li
on Mo and TZM surfaces is 558-603 K [18]. The higher is the
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Fig. 1. Liquid metal testing device.

temperature of the material substrate, the better is the wettability of the
liquid Li. A suitable wettability is conducive to spread Li on the surface
of the Mo alloy material. During plasma operations, the larger is the
spread area of liquid Li on the limiter surface, the better is the perfor-
mance of plasma [12]. In 2018, a new flowing liquid Li limiter with a
TZM substrate, working at temperature range of 603-673 K, was
developed during high-confinement plasmas in the EAST device [24]. In
addition, the inlet and outlet temperature range of liquid Li is 603-883 K
for liquid Li blanket concepts [25,26]. Thus, to further guide the design
and application of Mo-based alloy components with liquid Li for the
liquid Li first wall and blanket in fusion devices, the corrosion charac-
teristics of Mo and Mo-based alloys in liquid Li must be studied at 603 or
883 K. The corrosion behaviour of Mo and TZM in liquid Li at 873 K was
investigated [22]. Therefore, the corrosion characteristics of Mo-based
alloys in liquid Li at low temperature must be studied. Considering the
fluctuation of test temperatures, in this study, corrosion tests were
conducted with Mo and the TZM alloy in liquid Li at 623 K. Then, the
corrosion behaviours of Mo and TZM were compared. The corrosion
mechanism regarding the transfer and chemical reaction of elements
was studied. Finally, suggestions to restrain the corrosion of Mo-based
alloys in molten Li were provided. The study results can provide valu-
able reference for the engineering design of candidate materials in the
liquid-metal first wall and blanket system for future fusion reactors.

2. Experimental setup
2.1. Materials

The Mo and TZM samples were coupon-type with dimensions of 10
mm x 13 mm x 1 mm. Their surfaces were mechanically polished using
diamond powders with particle diameters of 2.5 and 0.5 ym. Before the
corrosion experiment, all the samples were cleaned ultrasonically with
high-purity alcohol (99.9%). Metallic Li was supplied in ingots with a
high purity of 99.9%. The chemical compositions of Mo, TZM, and Li are
listed in Table 1. The mechanical properties of TZM considerably
improved with the addition of 0.5% Ti and 0.09% Zr. To avoid mass
transfer, the vessel and mounting points of the experimental device were
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Fig. 2. Surface micrographs and EDS analysis area of Mo sample before and after being dipped in liquid Li: (a) before test, (b) after exposure to liquid Li for 500 h, (c)
after exposure to liquid Li for 1300 h, and (d) higher magnification of the corrosion area of (c).

made of Mo. Eight samples and 137 g of Li were used in each experi-
ment. The ratio of Li volume to the total surface area of the samples was
approximately 10.28 cm.

2.2. Static corrosion test

Mo and TZM corrosion experiments were performed in a liquid metal
testing device, which is considerably smaller than the previously
employed device [27] (Fig. 1). The volume of the liquid metal testing
device used was approximately 1.8 L. Before the experiment, to reduce
the effect of gaseous impurities on the corrosion results, the device was
heated to > 700 K by using a resistive heating element and pumped to a
vacuum pressure of < 10™* Pa by utilising a turbo-molecular pump.
Then, for each test, eight samples were attached to mounting points
approximately 20 mm above the bottom of the test vessel. Approxi-
mately 137 g of Li was placed in a test vessel in the Ar atmosphere to
prevent Li oxidation. Finally, the test vessel was heated to 623 K and
kept at this temperature. The fluctuation of the temperature was within
approximately 5 °C. The depth of liquid Li was approximately 35 mm
after Li completely melted, and the samples were completely immersed
in liquid Li. After the experiments, the samples were removed from
liquid Li by using a bellow. Then, residual Li on the sample surface was
cleaned with high-purity alcohol.

2.3. Characterisation

The extent of corrosion was evaluated using the weight change and
visual appearance of the samples. The weight change was determined
using the weight loss method. An electronic balance with the accuracy of
0.01 mg was used to measure the sample weight. Each sample was
weighed five times, and then, the average was used to evaluate the
weight change. The weight loss rate V (in g-m~2h™!) is defined as V
= (mg-m;)/St, where mg and m; are the sample mass before and after
immersion (g), respectively; S is the surface area of the sample (m2); and
t is the corrosion time (h). The corrosion depth rate was obtained using
the equation V4 = 8.76 V/p, where V is the weight loss rate, and p is the
sample density (in g/cm>).

Scanning electron microscope (SEM, Hitachi SU8200) with an en-
ergy dispersive spectrometry (EDS) and X-ray photoelectron

spectroscopy (XPS, ESCALAB 250) as well as time-of-flight secondary
ion mass spectrometry (TOF-SIMS) were used to characterise the
microstructural and compositional changes of the corroded surface and
cross-section. The cross-section of the sample was cut using a highly
fine-focused ion beam (FIB). Vickers hardness was measured using a
Vickers hardness testing machine under a load of 500 gf with a loading
time of 15 s. Finally, the average of the results of five indentation tests
was calculated.

3. Results and discussion
3.1. Weight loss

When exposed to liquid Li at 623 K for 1300 h, the weight loss rates
of Mo and TZM were 0.5 and 1.0 g m ™2, respectively; these correspond
to the weight loss rates of 4.0 x 107* and 7.8 x 107* gm™2 h™},
respectively, which are equivalent to 0.34 and 0.67 um a ', respec-
tively, for the average corrosion depth rate assuming the densities of Mo
and TZM to be 10.29 and 10.22 g-cm™>. The results demonstrate that the
corrosion protection grade of Mo and TZM reaches 1. There are 10
grades of corrosion protection, from 1 to 10, where the smaller is the
value, the stronger is the corrosion resistance of the material. As
confirmed by Ref. [28], the weight loss rates of 304 and 316 L austenitic
stainless steel (SS) are 2.3 x 10> and 6.4 x 10~ g-m 2 h™!, respec-
tively, which are equivalent to 2.6 and 0.71 pm a~! average corrosion
depth rates under similar conditions of liquid Li at 600 K. The results
show that the weight loss rates of Mo and TZM are lower than those of
304 and 316 L SS in liquid Li.

3.2. Morphology of corroded Mo and TZM

3.2.1. Microstructures of Mo samples after corrosion test

The microstructure and composition analyses of the specimens were
performed using an SEM and EDS, respectively, before and after the
corrosion experiment. The SEM micrographs of the Mo sample before
and after corrosion are shown in Fig. 2. The corroded Mo sample shows
the same metallic lustre as before the corrosion test after cleaning. The
SEM image in Fig. 2(a) shows a flat and uniform Mo surface before the
experiment. Fig. 2(b) and (c) show a uniform but hole-containing Mo
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Table 2

Surface compositions of Mo samples before and after exposed to liquid Li.
Area Surface composition (EDS result) (o] C Mo
1 wit% 3.92 6.5 89.58
2 wt% 1.09 10.33 88.58

sample surface after exposure to liquid Li for 500 and 1300 h. After
exposed to liquid Li for 1300 h, the Mo surface shows more holes than
after exposure for 500 h. At a higher magnification, Fig. 2(d) shows
holes with various sizes, and the largest hole diameter is approximately

Count number

Surface

Interface

Cross-section
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2 um. Moreover, no obvious corrosion particulate is observed on the
surface of corroded Mo, which indicates that Mo demonstrates homo-
geneous corrosion, except for pitting in liquid Li.

The composition analysis areas of the Mo sample before and after the
corrosion experiment are shown in Fig. 2(a) and (c), respectively. The
composition change derived from the EDS analysis of the surface area is
listed in Table 2. The depletion of Mo and O but enrichment of C is
observed on the Mo surface after exposure to liquid Li.

To obtain the composition distribution from the surface of the
corroded samples to the interior of the substrate, FIB and EDS line scan
analyses were performed. Fig. 3(a) and (b) show the cross-section and

[ Corrosion layer
0 b=
N

1 I 1

0.3 0.6 0.9 1.2
Depth (um)

Fig. 4. SEM micrograph of the surface and cross-section of corroded Mo after exposure to liquid Li for 1300 h: (a) EDS elemental mapping analysis and (b)

combinatorial diagram of C content and distribution.
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Fig. 5. Surface SEM micrographs and EDS analysis area of TZM before and after exposure to liquid Li for 500 and 1300 h: (a) before corrosion test, (b) after exposure
for 500 h, (c) morphology of holes, (d) after exposure for 1300 h, grain boundary corrosion, (e) morphology of holes and particulates, (f) morphology of accumulated

particulates.

line scan results of corroded Mo. Because of the appearance of holes on
the surface, the interface of platinum coating and Mo substrate shows a
jagged appearance. The measured hole depth is 100-400 nm, as shown
in Fig. 3(a). Fig. 3(b) shows that the EDS line scan result of Mo deple-
tion/C enrichment depth is approximately 0.4 um. Furthermore, the
EDS elemental mapping analysis result of the corrosion section is shown
in Fig. 4(a). To better understand the distribution and content of ele-
ments on the Mo surface and inside of the substrate, MATLAB was used
for the superposition and to combine the mapping diagram with SEM
photos; the distribution of the sum of element points in the diagram with
the cross-section depth was calculated, as shown in Fig. 4(b). The results
indicate that the C content on the surface of the corroded Mo substrate is
considerably higher than that inside it. The C content decreases from the
surface to substrate, which is consistent with the results shown in
Table 2 and Fig. 3(b). These results indicate that the O, Mo, and C ele-
ments on the surface of or inside the Mo substrate are consumed in liquid
Li, while the C element returns to the Mo surface due to some reactions.
This will be discussed in Section 4.

3.2.2. Microstructures of TZM samples after corrosion test

The micrographs of the TZM surface before and after corrosion are
shown in Fig. 5. The SEM image recorded at a high magnification shows
a uniform and flat surface of TZM before the corrosion test. The corroded
TZM sample loses its metallic lustre and exhibits nonuniform brightness

after cleaning, which indicates inhomogeneous corrosion of TZM in
liquid Li. After exposure to liquid Li for 500 h, as shown in Fig. 5(b) and
(e), the corroded TZM surface exhibits many holes and some particu-
lates, which is similar to the appearance of TZM samples after exposure
for 1300 h. The only difference is that grain boundary corrosion is
observed on the TZM surface after exposure for 1300 h, as shown in
Fig. 5(d,f). From the comparison of Figs. 2 and 5, the surface micro-
graphs of the corroded TZM and Mo show similarities and differences.
The similarity is that holes appear on the surfaces of both the corroded
TZM and Mo samples, as shown in Fig. 2(b,c) and (b,e). The difference is
that the TZM samples suffer grain boundary corrosion and some par-
ticulates accumulate on the surface, as shown in Fig. 5(d,f). Moreover,
compared to the corrosion results of 304 and 316 L SS [28], the mi-
crostructures of the corroded SS surface are similar to those of corroded
TZM; however, the corroded products of the 304 SS surface and the grain
boundary corrosion of 316 L SS are more severe than those of Mo and
TZM.

The element distribution and content of the selected area on the
corroded TZM surface were analysed using EDS. As shown in Fig. 6, after
exposure to liquid Li for 500 h, the mapping diagram of the elements
show enrichment of the Zr element on the TZM surface. In addition, the
particulates adhered on the corroded TZM surface are rich in Ti and N.
The element content of the selected area, numbered as 1-3 in Fig. 5(a,d,
f), is presented in Table 3. After exposure to liquid Li for 1300 h, the
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Fig. 6. Mapping of elements of the TZM sample after exposure to liquid Li for 500 h.

Table 3
Surface compositions of TZM exposed to liquid Li at 623 K for 1300 h.
Area  Surface composition (0] C N Ti Zr Mo
(EDS result)
1 wt% 2.23 2.65 / 4.52 3.08 Bal
2 wt% 154 / / 1.59 1.23 Bal
3 wt% / 9.67 9.56 40.26 31.94 Bal

depletion of O, Ti, and Zr is observed on the TZM surface. However, the
accumulated particulates are rich in Ti, Zr, C, and N elements. Thus, it is
speculated that the particulates are a mixture of Ti/Zr carbides and ni-
trides. This conclusion is supported by XPS and TOF-SIMS analyses.
The cross-section of the corroded TZM sample was also cut using FIB.
Fig. 7(a) and (b) show the cross-section morphology and EDS line scan
analysis results of TZM after exposure to liquid Li for 1300 h. The results
indicate that the corrosion depth of TZM is approximately 0.4 ym, which
is consistent with the line scan result of corroded Mo, as shown in Fig. 3

(b). However, after exposure to liquid Li for 1320 h at 600 K, the
corrosion depths of 304 and 316 L SS become 7.5 and 4 pym, which are
considerably deeper than those of Mo and TZM [28]. In addition, Fig. 7
(b) shows that the content change of Ti and O is not evident with the
cross-section depth distribution. These results indicate that the elements
on the surface of TZM, such as O, C, Ti, and Zr, are consumed in liquid Li.
Then, the deposition of Ti, Zr, C, and N on the TZM surface due to some
reactions results in the enrichment of these elements. This will also be
discussed in Section 4.

3.3. Surface composition analysis of Mo and TZM

3.3.1. XPS spectra and TOF-SIMS analysis of Mo samples

XPS and TOF-SIMS were used to analyse the surface compounds of
the Mo and TZM samples before and after the corrosion test. The XPS
spectra and TOF-SIMS analysis results of the Mo surface are shown in
Figs. 8 and 9, respectively. As shown in the Cls spectra (Fig. 8(a)), the
difference is merely that Li,COs can be found on the corroded Mo
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Fig. 7. Cross-section micrograph and EDS line scan results of corroded TZM after exposure to liquid Li for 1300 h.
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Fig. 8. XPS spectra of Mo surface before and after exposure to liquid Li for 1300 h.

surface due to the oxidation of adhered Li on the samples during transfer
to the XPS system in air. Fig. 9(b,d,g) show the residues of Li, Li>Ca, and
Li»CO3 on the corroded surface of Mo. According to the Mo3d spectra
(Fig. 8(b)), after exposure to liquid Li, MoOs peaks at 235.5 and
236.15 eV disappear, and the Mo peak appears at 231.0 eV along with
the MoOs peak at 232.1 eV, which is attributed to MoOs. This finding
indicates that the reduction reactions of Mo oxide can be realised under
liquid Li contact. The Mo,C and Mo** peaks appear at 227.8 and
230.6 eV, respectively, along with the Mo peak at 228.2 and 232.1 eV,
which indicates that the Mo carbonisation reactions can also be formed
in high-temperature liquid Li. In addition, Mo,C and MoC are found on
the sample surface, as shown in Fig. 9(c,e). As shown in Fig. 9(g,h), Li is
also found on the Mo substrate, which is attributed to the penetration of
Li into the surface of corroded Mo along the holes (Fig. 2(b,c)). More-
over, the enrichment of C on the surface is detected, as shown in Fig. 9
(f). These results are consistent with the EDS surface analysis results
presented in Table 2.

3.3.2. XPS spectra and TOF-SIMS analysis of the TZM samples

Figs. 10 and 11 show the XPS spectra and TOF-SIMS results of TZM
surface before and after the corrosion test. LioCO3 can also be found in
the Cls spectra of the TZM sample due to the oxidation reaction of Li
adhered onto the samples during transfer, as shown in Figs. 10(a) and 11
(d). The residues of Li and Li»C are detected on the surface of corroded
TZM, as shown in Fig. 11(b,g). However, unlike the Cls spectra of the
Mo sample (Fig. 8(a)), the TiC peak appears at 282.1 eV, which indicates
that Ti carbonisation can be realised under liquid Li contact at 623 K.
According to the Mo3d and Mo3p spectra (Fig. 10(b,c)), after exposure
to liquid Li, the MoO3 peaks at 236.0 and 233.0 eV disappear, and the
peak intensities of MoOs at 235.5 and 232.1 eV decrease. In addition,
the Mo peaks appear at 228.2 and 231.0 eV near the MoO3 peak at
232.1 eV. The results indicate that the reduction of Mo oxide can be

realised in liquid Li contact. This phenomenon causes O consumption on
the sample surface. In addition, the Mo peak at 228.1 eV disappears after
exposure to liquid Li, which indicates the consumption of the Mo
element on the surface. Moreover, a MoyC peak appears at 227.8 eV
along with the Mo peak at 228.1 eV, which is attributed to the Mo
carbonisation of TZM exposed to liquid Li. Fig. 11(c,e) also show the
presence of Mo,C and MoC on the TZM surface.

The binding energy of N1s spectra is close to that of Mo3p spectra, as
shown in Fig. 10(c). When exposed to liquid Li, a TiN peak appears at
397.4 eV in the N1s spectra for the corroded TZM substrate. According
to Ti2p spectra (Fig. 10(d)), the Ti oxide peaks of TiO and TiO observed
at 459.3, 458.2, and 456.8 eV disappear after the corrosion test, and the
Ti nitride peaks of TiNg 24 and TiN appear at 454.5, 455.2, and 457.2 eV,
which indicates that the reduction of Mo oxide and Ti nitriding reactions
can occur in high-temperature liquid Li. In addition, TiN is observed in
Fig. 11(f). Moreover, a TiC peak is found in the Ti2p spectra at 454.9 eV,
which corresponds to the TiC peak at 282.1 eV in the Cls spectra. This
finding proves that Ti carbonisation can be realised in liquid Li contact.
The enrichment of Ti, C, and N elements on the TZM surface results from
the Mo/Ti carbonisation, and Ti nitriding reactions can be realised in
liquid Li. This finding is similar to the results shown in Fig. 9(g,h), where
Li penetrates the substrate of the corroded TZM through the holes and
grain boundary on the surface. Overall, the XPS and TOF-SIMS results
obtained for the TZM surface are consistent with the EDS analysis results
(Fig. 6 and Table 3).

3.4. Surface hardness of Mo and TZM

To study the effects of liquid Li corrosion on the mechanical prop-
erties of Mo and TZM, the Vickers hardness test was conducted on the
sample surfaces before and after exposure to liquid Li, and the results
were compared. Fig. 12 shows the Vickers hardness indentations of the
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Fig. 10. XPS spectra of the TZM sample before and after the corrosion test.

Mo and TZM samples before the corrosion test. The initial average
hardness of the Mo and TZM samples were 304.5 and 256.5 HV,
respectively. After exposure to liquid Li at 623 K for 500 and 1300 h, the
average hardness values of the corroded Mo samples were 306.1 and
305.2 HV, respectively, and those of the corroded TZM samples were
258.3 and 264.4 HV, respectively. Thus, the hardness values of Mo and
TZM remain the same before and after the corrosion tests because the
values of the measured points differ from each other by < 3%. By
contrast, after exposure to liquid Li at 600 K for 1300 h, the surface
hardness values of 304 and 316 L SS increase by 10-20 HV due to the
large area covered by Fe/Cr carbides [28]. This result indicates the
minimal effect of liquid Li on the surface hardness of Mo and TZM.

4. Discussion

The mass loss of Mo and TZM occurs mainly because of concentration
gradient driven composition transport from the solid-liquid interface of
Mo/TZM and Li to liquid Li. Thus, the mass loss of the TZM samples in
liquid Li can be attributed to the dissolution of elements such as Mo, Ti,
and Zr. The solubility of metallic elements differs according to the
temperature and type of liquid metals [29-31], that is, the selective
dissolution of compositions (e.g. Mo and C or Ti and Zr elements of Mo
and TZM alloys) can occur in liquid Li. At relatively low concentrations
of the liquid metal solution, which occurs in a practical realised situa-
tion, the relation between temperature and the solubility of the metal or
alloy components can be expressed as follows[32]:

InC=A — B/, (€9)

where C is the impurity concentration in the liquid metal in atomic
fractions (%), T is the temperature, and K, A, and B are the constants. Eq.

(1) shows that the relation between solubility and temperature is
expressed in a natural logarithm; thus, the solubility increases with the
temperature. Fig. 13 shows the relation between temperature and the
solubility of Mo, C, Zr, and Ti in high-purity Li. The saturation solubility
of these elements at 623 K exhibits the following order: C > Zr > Ti
> Mo. Thus, the selective dissolution of C, Zr, and Ti from TZM that
occurs in liquid Li results in nonuniform corrosion. This phenomenon
leads to the low availability of Zr and Ti and rich availability of Mo on
the corroded TZM surface, as shown by the EDS results listed in the
second row of Table 3. However, the concentration and mass of C are
considerably smaller than those of other elements in TZM and Mo; thus,
the contribution of C dissolution to mass loss is weaker than that of the
other elements. The Mo samples show uniform corrosion under the
concentration gradient driven mainly by a single composition of Mo.

In an isothermal, all-liquid system, equilibria can generally be ach-
ieved after a certain period. In theory, for solubility-driven dissolution,
corrosion stops or slows down when solubility relations are satisfied.
This result suggests that the highest theoretical mass loss of Mo and TZM
samples is approximately 1.1 x 107> g for the Mo saturation concen-
tration of 5.7 x 107*° mol.% in liquid Li at 623 K; this loss is consid-
erably lower than the experimental results of Mo and TZM mass losses of
1.6 x 10~*and 3.1 x 10~*g, respectively. This result indicates that the
corrosion of Mo and TZM in liquid Li has other forms apart from the
dissolution of compositions.

Additionally, according to Figs. 8-11, the corrosion of Mo and TZM
in liquid Li is not only mass loss. The chemical reactions between liquid
Li and compositions of Mo and TZM might occur to form the corrosion
products deposited on the Mo and TZM surfaces. According to
comprehensive EDS, XPS, and TOF-SIMS analyses, the chemical re-
actions involved include the following two forms: (1) reactions between
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Fig. 11. TOF-SIMS results of the surface compositions and distribution of corroded TZM. (a) Detection area of corroded Mo, (b) distribution of Li;C,, (c) distribution
of MoC, (d) distribution of Li;COs3, (e) distribution of Mo,C, (f) distribution of TiN, (g) distribution of Li, and (h) depth profile of Li intensity.
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Fig. 12. Vickers hardness indentations of the Mo and TZM samples before the corrosion tests.
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Fig. 13. Solubility of elements in high-purity liquid Li with temperature.

liquid Li and the surface compositions of Mo/TZM in the liquid-solid
interface and (2) reactions between the dissolved elements from the
samples and liquid Li. In the first part, the following reactions occur at
the solid-liquid interface when liquid Li comes in contact with Mo and
TZM:

MoO5(s)+6Li(1)=3Li,0(s)+Mof(s) (623K,AG=—971.4kJ) @

3

Egs. (2) and (3) indicate that the reduction reactions of Mo and Ti
oxides can be realised in liquid Li contact, which corresponds to the
results shown in Fig. 8(b) and 10(b). In addition, these reactions are the
main reasons for O depletion from the sample surface, which agrees with
the results shown in Tables 2 and 3. The Mo and TZM substrates are
exposed to liquid Li and the compositions of Mo and TZM dissolved in
liquid Li when the oxide protective layer is depleted by liquid Li.

As confirmed by Refs. [31,33] and Fig. 13, Cis preferably dissolves in
liquid Li and forms Li>Co, as shown in Fig. 9(b) and 11(b). In the second
part, the following reaction occurs:

TiOy(s)+4Li(1)=2Li,O0(s)+Ti(s) (623K, AG=-208-1kJ)

2C(s)+2Li(1)=LirCxy(s) (623K, AG =—51-3kJ) 4

This reaction is the reason behind C depletion from Mo and TZM into
liquid Li. Refs. [29,34] have shown that holes appear near the SS surface
because C from the SS substructure dissolves in liquid Li. Therefore,
despite the weak contribution of C dissolution to the mass loss, C plays
an important role in chemical corrosion, which results in pitting, as
shown in Figs. 2 and 5. Additionally, as reported by Xu et al. [30], Mo
acts as a C-trapper, and the C potential in liquid Li can be controlled by
forming Mo carbides on the inner surface of the Mo crucible. Hence,

11

during the corrosion tests, the following reactions can occur:

2Mo(s) + C(s) = Mo,C(s)(623K, AG = —55.5kJ), 5)

4Mo(s) + 3Li,C(s) = 2Mo,C(s) + 6Li (1)(623 K, AG = —201.5kI).  (6)

Free C in the Mo substrate can be captured by Mo to form a stable Mo
carbide, which is fixed in the substrate. Moreover, the C atoms and LioCo
compound dissolved in liquid Li are captured by Mo to form Mo,C and
then are deposited on the Mo and TZM surfaces through movement, as
shown by the XPS and TOF-SIMS results (Fig. 8(b), 9(c,e), 10(b), and 11
(c,e)). Reactions (5,6) also correspond to the results shown in Tables 2
and 3 for the enrichment of the C element on the surface of the Mo and
TZM samples. For the TZM corrosion results, as shown in Fig. 10(a,c,d),
the TiC and TiN compounds are detected on the corroded surface.
Table 3 shows that the content of Zr and Ti elements on the corroded
surface is higher than that on the original surface. These phenomena can
be explained by the following chemical reactions:

2Ti(s) 4 LiyCy(s) = 2TiC(s) + 2Li(1)(623 K, AG = —295.7 k), %)

27r(s) + LiyCy(s) > 2ZrC(s) + 2Li(1)(623 K, AG = —329.4 kI) ®)

Furthermore, as confirmed by ref. [29], the solubility of N is higher
than that of other nonmetallic elements of C, O, and H in liquid Li. As
shown in Table 1, the N content in liquid Li and TZM is 0.002-0.003 wt
%. It is easy for the dissolved N reacting with liquid Li to form Li nitride.
For the TZM corrosion test, the possible chemical reactions of nitrides in
liquid Li are as follows:

6Li(1)+Ny(2)—2LisN(s) (623 K, AG =—169-6 kJ), ©)]
LisN(s) + Ti(s) = 3Li(1) + TiN(s) (623 K, AG = —193.1 kI), (10)
LisN(s) + Zr(s) "> 3Li(1) + ZrN(s)(623 K, AG = —221.3 kI). (11)

The standard Gibbs free energy of reactions (9—11) is negative,
which indicates that Ti and Zr are N trapped in liquid Li. The Zr and Ti
nitrides transfer and adhere to the TZM surface when the corrosion
products of nitrides are formed, which results in the enrichment of Ti, Zr,
and N elements on the surface of TZM samples, as shown in Figs. 6, 10(c,
d) and 11(f).

In addition, to better understand the corrosion kinetics of Mo and
TZM in liquid Li, the migration and reaction mechanisms of the elements
dissolved in liquid Li were studied at the atomistic scale by using the Ab-
initio molecular dynamics (AIMD) simulation. All AIMD simulations
were performed at 700 K. The dimensions of the simulation domain
were 15 x 15 x 15 10\3, including 75 atoms (70 Li atoms, 1 metallic so-
lute atom, and 4 impurity atoms). Fig. 14 shows the initial structure of
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Fig. 14. AIMD simulation results. (a) Initial structure of one Zr atom and four C atoms dispersed in liquid Li. (b)-(d) Structures of solute atoms and C atoms after
120 ps simulation. (e) Structure of one Ti atom and four N atoms after 120 ps simulation. Purple, orange, green, cyan, black, and blue spheres represent Li, Mo, Zr, Ti,
C, and N atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 15. Corrosion process of Mo in liquid Li. (a) Initial state of Li contacts with Mo, (b) liquid Li destroys the oxide layer of Mo surface, (c) compositions from the Mo
dissolve into liquid Li and react with Li, and (d) corrosion products are deposited on the Mo surface.
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Fig. 16. Corrosion of TZM in liquid Li. (a) Initial state of Li contact with TZM, (b) liquid Li destroys the oxide layer, (c) compositions dissolve into liquid Li and react

with Li, and (d) corrosion products are deposited on the TZM surface.

the liquid system, in which the metallic solute atom is far away from the
C atoms. After 120-ps simulation, the solute atoms (Mo, Zr, or Ti) can
bind with the C atoms to form small carbide molecules. In addition, Ti
and N atoms can aggregate to form a TiN dimer after 120 ps. These
AIMD simulation results are in a strong agreement with the XPS and
TOF-SIMS results and confirm the carbonisation and nitridation re-
actions presented in Eqs. (4-11).

Overall, the results indicate that physical dissolution and chemical
reactions are two main processes involved in the corrosion of Mo and
TZM conducted in liquid Li. These two processes promote and comple-
ment each other. By contrast, the chemical reactions play a key role in
the corrosion of Mo, especially in that of TZM alloy. Therefore, in liquid
Li, the corrosion mechanism of Mo and TZM is the same, while the
corrosion process is slightly different.

The corrosion of Mo in liquid Li is shown in Fig. 15. First, the
reduction of MoOs (Eq. 2) occurs on the Mo-Li solid-liquid interface
when the Mo comes in contact liquid Li; simultaneously, free C and Mo
on the surface begin to dissolve into liquid Li, which results in pitting
and mass loss. Dissolved free C is first captured by Li to form Li>Cy (Eq.
4) and then is dissociated by Mo to form a highly stable carbide of Mo,C
(Eq. 6). Free C on the inner surface of the Mo substrate can also be
captured by Mo atoms to form Mo»C (Eq. 5) and be fixed on the substrate
during corrosion. The corrosion product of Mo,C formed in liquid Li is
deposited on the Mo sample surface through the diffusion movement,
which leads to the enrichment of C element on the surface of the Mo
material. In addition, liquid Li can easily permeate the inner surface of
the Mo substrate through the surface holes, which intensifies the
corrosion of Mo and leads to the appearance of a certain depth of
corrosion layer. However, the Vickers hardness of the surface remains
almost unaffected due to the shallow depth of the corrosion layer.

Fig. 16 shows the corrosion of TZM, which is slightly different from
that of Mo, in liquid Li. When liquid Li comes in contact with the TZM
alloy, the reduction of MoOgs (Eq. 2) and TiOy (Eq. 3) occurs at the
solid-liquid interface, and free C, Ti, Zr, and Mo avail be on the TZM
surface begin to dissolve into liquid Li. Due to the difference in the
solubilities of these elements in liquid Li, selective dissolution of free C,
Ti, and Zr elements occurs, which eventually leads to pitting and grain
boundary corrosion on the TZM surface. Similar to the corrosion of Mo,
free C dissolved in liquid Li is first captured by Li to form LiyCy (Eq. 4)
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and then is snatched by Zr, Ti, and Mo to form highly stable carbides of
ZrC, TiC, and Mo,C, respectively (Eqs. 6-8). In addition, free N available
in Li and on the TZM surface is captured by liquid Li to form LigN (Eq. 9)
and then is captured by Zr and Ti to form ZrN (Eq. 11) and TiN (Eq. 10),
respectively. The carbides and nitrides adhere to the TZM surface when
the reactions occur near the solid-liquid interface, and the corrosion
products formed in liquid Li travel to the TZM alloy surface, which re-
sults in the enrichment of C, N, Ti, and Zr elements. In addition, the TZM
alloy loses its metallic lustre due to the deposition of carbides and ni-
trides and shows an inhomogeneous brightness. TZM corrosion also
intensifies because liquid Li penetrates the interior of the TZM substrate
from the holes and grain boundary on the surface, which results in
increased mass loss, surface damage, and a deep corrosion layer. Simi-
larly, during the corrosion test, the free C element in the interior of the
TZM substrate can be captured to form stable carbides and fixed.
According to these results, corrosion in liquid Li does not appear to
be a serious problem for Mo at 623 K during 1300 h. However, corrosion
can be problematic for TZM under a long-term exposure to liquid Li. In
these cases, a possible influence of Li might be the depletion of C, Zr, and
Ti elements and resulting pitting and grain boundary corrosion. By
comparing the compositions and contents of TZM and Mo, the compo-
sitions of 0.5 wt% Ti and 0.09 wt% Zr were added to TZM. Thus, the
mechanical properties of TZM alloy significantly improved compared
with that of Mo. This discussion indicates that the high contents of C, Ti,
Zr, and N elements in TZM increase not only the amount of dissolution in
liquid Li but also the corrosion products of carbides and nitrides on the
TZM surface. This phenomenon results in comparatively higher mass
loss, more corrosion products, and a deeper corrosion layer. Therefore,
reducing the contents of nonmetallic elements of N and C in TZM and
liquid Li can effectively alleviate TZM corrosion. Eqs. (6-8) indicate that
the carbide products of Mo,C, TiC, and ZrC are highly stable in liquid Li.
Hence, increasing the amount of stable carbides on the surface of and
inside Mo-based materials during production and preparation helps in
improving the corrosion resistance in liquid Li. For example, high-
temperature prolonged baking is a simple approach to increase the
amount of carbides in Mo-based materials. Even under the assumption of
meeting the requirements of the material properties, Ti and Zr elements
in the Mo alloy can be replaced with other elements (e.g. Ta and W),
which are less soluble in liquid Li than Mo to alleviate corrosion
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resulting from the dissolution of preferred elements. In the future, we
will verify the aforementioned conclusion through several corrosion
experiments.

5. Conclusions

The corrosion behaviours of Mo and the TZM alloy in liquid Li at
623 K in the Ar atmosphere were investigated and compared. The
following main conclusions are drawn:

(1) Corrosion in liquid Li does not appear to be a serious problem for
Mo at 623 K. However, corrosion can be problematic for TZM
under long-term exposure to liquid Li.

After corrosion, the Mo samples demonstrate homogeneous
corrosion except pitting, and the TZM samples show nonuniform
corrosion with pitting and grain boundary corrosion.

After exposure to liquid Li for 1300 h, the weight loss rates of Mo
and TZM become 4.0 x 10~% and 7.8 x 10™% g-m~2h™}, respec-
tively, which are equivalent to 0.34 and 0.67 mm-a~' average
corrosion depth rates, respectively.

The corrosion of TZM is more severe than that of Mo in liquid Li
because of the addition of Ti (0.5 wt%) and Zr (0.09 wt%) to
TZM. The selective dissolution of C, Ti, and Zr elements and
chemical reaction of carbides and nitrides enhance TZM
corrosion.

Reducing the nonmetallic contents of N and C in TZM and liquid
Li can effectively alleviate TZM corrosion. In addition, increasing
the amount of stable carbides on the surface of and inside Mo-
based materials can help improve the corrosion resistance in
liquid Li.
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