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Abstract: Graphite, a critical material for furnace walls, is pivotal to the reliability of the
carbon-free hydrogen production industry through methane pyrolysis catalyzed by mol-
ten metals. This study systematically investigates the corrosion behavior of molten CuSn
alloy on three typical commercial graphite materials—low-density graphite (LDG), high-
density graphite (HDG), and pyrolytic graphite (PyG)—with a focus on their corrosion
resistance and the underlying mechanisms responsible for graphite corrosion over a pe-
riod of up to 1000 h at 1100 °C. The experimental results show that LDG suffered the most
severe corrosion, with a mass loss of up to 60.09% and a hardness decrease from 0.73 GPa
to 0.17 GPa, whereas PyG demonstrated the best corrosion resistance, with only a 5.64%
mass loss and a hardness drop from 0.52 GPa to 0.35 GPa. SEM and XRD analyses revealed
that the porous structures of LDG and HDG suffered significant macroscopic corrosion,
caused by the stress from molten metal infiltration and aggregation in the pores, leading
to structural collapse. Interestingly, all three types of graphite, including the non-porous
PyG, exhibited disordered microstructural degradation as detected by Raman spectros-
copy. Molecular dynamics (MD) simulations confirmed that the thermal motion of Cu and
Sn atoms primarily drives the microstructural corrosion of graphite, suggesting that the
corrosion process involves both micro- and macro-level damage. These findings provide
crucial insight into the compatibility of different graphite materials with molten CuSn al-
loy and valuable guidance for material selection in methane pyrolysis devices.

Keywords: corrosion behavior; molten CuSn alloy; graphite materials; molecular
dynamics (MD) simulations; methane pyrolysis devices

1. Introduction

Molten metal-catalyzed methane pyrolysis has attracted significant attention as an ef-
ficient method for hydrogen production without generating carbon dioxide. [1-3]. Catalysts
typically operate above 900 °C to enhance hydrogen production rates [4-7]. At such high
temperatures, the corrosion of materials by molten metal catalysts is inevitable [8,9], which
hinders the industrial application of methane pyrolysis for hydrogen production [10,11].
Therefore, investigating the corrosion compatibility between furnace wall materials and
molten metals in operational environments is crucial for identifying materials that can with-
stand long-term industrial catalyst corrosion and improving their corrosion resistance.

Stainless steel, ceramics, and graphite are widely used as high-temperature corro-
sion-resistant materials in various industrial applications [12,13]. Graphite is considered
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one of the most promising candidates for fabricating molten medium coolant channels in
Generation IV nuclear reactors, attributed to its excellent mechanical strength, thermal
conductivity, chemical stability at high temperatures, and ease of forming into various
shapes [14,15]. In recent years, numerous research has focused on the permeability and
corrosion behavior of graphite in molten metals and salts [16-18]. For instance, Zhao He
et al. [19] explored the infiltration and chemical compatibility of graphite in molten lead-
bismuth eutectic at 800 °C, demonstrating its outstanding chemical stability. Similarly,
Jagadeesh Sure et al. [20] assessed the corrosion resistance of various carbon materials in
molten LiCI-KCl salt at 600 °C, establishing a comprehensive ranking of their corrosion
resistance. David Scheiblehner et al. [21,22] had already used graphite as the wall material
to carry molten metal for methane pyrolysis. Carbon materials rarely undergo dissolution
corrosion in typical molten metals [23-25]. Due to the manufacturing method and process
of graphite, as a furnace wall material, graphite may be subjected to erosion by high-tem-
perature molten metals, leading to the risk of structural corrosion. To the best of our
knowledge, little attention has been given to studying the corrosion compatibility between
graphite and molten alloy catalysts used in methane pyrolysis. For example, the molten
CuSn alloy catalyst, known for its high catalytic activity and excellent stability, is consid-
ered a promising candidate for industrial applications [26,27]. At service temperatures
above 1000 °C, graphite corrosion poses significant risks to devices using molten alloys
for hydrogen production. This issue must be studied promptly, particularly given the cur-
rent rapid iterative development of carbon-free hydrogen production technologies.

In this paper, systematic corrosion experiments were carried out using a typical mol-
ten CuSn alloy catalyst and various commercial graphite products, including low-density
graphite (LDG), high-density graphite (HDG), and pyrolytic graphite (PyG). The study
was conducted statically in a high-purity argon atmosphere at 1100 °C for 1000 h. A com-
prehensive series of material characterization methods were employed to assess the cor-
rosion characteristics of graphite materials in molten CuSn alloys. The main aim of this
study was to investigate the corrosion behavior and influencing factors of common com-
mercial graphite materials in molten CuSn alloy under methane pyrolysis hydrogen pro-
duction conditions. This study provides compatibility data to support the use of graphite
materials as a component in methane pyrolysis devices, further advancing the industrial-
ization of hydrogen production via molten metal catalysis in methane pyrolysis.

2. Experimental Procedure
2.1. Materials

The performance indicators of the LDG, HDG, and PyG used in this study are pre-
sented in Table 1. The three graphite samples were cut into sheets, with LDG and HDG
having a 2 + 0.1 mm thickness and PyG being 1 + 0.05 mm thick. The CuSn alloy used in
the experiment had a molar ratio of 1:1 and a melting point of approximately 620 °C from
the phase diagram. The alloy was prepared by heating and melting 99.999% pure copper
granules and 99.999% pure tin blocks in a ZHGP-30 integrated smelting furnace. After
thorough mixing, the metal melt was poured into a mold to cool, forming the required
experimental block. The oxide layer on the surface was removed using a grinding wheel.
The block was ultrasonically cleaned in distilled water for 10 min and then placed in a
drying oven for further use. Figure 1 shows the X-ray diffraction pattern of the CuSn alloy
at room temperature. The diffraction results indicate that the alloy consists of metallic Sn
and the intermetallic compound Cus265ns, with no other impurities present.
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Table 1. Graphite forming process, filler type, density, porosity, particle size, and impurity content.

Graphite Forming Process Filler Type Bulk Density Porosity (%) Particle Size Impurity Content
(g/cm?) (um) (ppm)
LDG Isostatic molding Petroleum 1.82 17 Average 25 500
HDG Isostatic molding Petroleum 1.90 11 8-10 500
PyG Chemical vapor deposition / 2.17 / / 450
-Cu6.26Sn5
v-Sn
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Figure 1. XRD pattern of the alloy prepared by melting copper granules and tin blocks in a molar

ratio of 1:1.

2.2. Static Corrosion Test

The graphite corrosion test was conducted in a tube furnace, as depicted in Figure 2.
As the temperature for catalytic methane decomposition with molten CuSn alloy typically
ranges from 800 °C to 1100 °C, the compatibility test was performed under the extreme
condition of 1100 °C. Prior to the test, the three graphite samples were ultrasonically
cleaned in deionized water for 10 min, dried, and weighed. The samples were then placed
with 30 g of CuSn alloy blocks in a truncated cone-shaped corundum crucible and inserted
into the tube furnace for testing. Before heating, the gas in the tube was replaced three
times with ultra-high purity Ar, and the chamber was evacuated to below 10- Pa. Ultra-
high purity Ar was then refilled to 30 kPa above standard atmospheric pressure. This step
aimed to maintain an oxygen-free environment in the container and simulate the pressure
conditions for methane pyrolysis. This experiment aimed to investigate the compatibility
of graphite materials in molten CuSn alloy; therefore, the effect of reactive gasses such as
methane was not considered. Additionally, to study the effect of exposure time on the
corrosion of graphite, six samples of each type were prepared for tests lasting from 0 to
1000 h. Samples were collected every 200 h for testing. After each sampling, a perforated
crucible was used as a funnel, and the samples were heated to 750 °C under experimental
conditions to melt the metal, allowing it to drip off and separate from the graphite. Finally,
the graphite samples were ultrasonically cleaned in deionized water for 10 min and dried
under argon for subsequent characterization.
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Figure 2. (a) Schematic of the experimental setup. (b) Photograph of the actual experimental apparatus.

2.3. Characterization Methods

The pre- and post-corrosion test weights of the samples were measured using an elec-
tronic balance with an accuracy of 0.1 mg. High-resolution scanning electron microscopy
(SEM, FEI Inspect F50, Thermo Fisher Scientific, Waltham, Massachusetts, USA) with en-
ergy-dispersive spectroscopy (EDS, EDAX, Mahwah, New Jersey, USA) was used to eval-
uate the distribution of CuSn alloy on the surfaces and cross-sections of the graphite sam-
ples and to observe morphological changes. A three-dimensional optical profilometer (Su-
perview WT, Chotest, Shenzhen, China) was used to examine the surface roughness of the
graphite samples. Scratched hardness tests on the graphite samples were conducted using
an automated scratch tester (WS-2005, Zhongke Kaihua, Lanzhou, China) in a constant-
load sliding mode with a load of 20 + 0.3 N to assess changes in mechanical properties. X-
ray diffraction (XRD, Bruker D8 Advance, Bruker Corporation, Billerica, Massachusetts,
USA) was used to analyze phase composition and crystal structural transformations in
the graphite samples. All diffraction data were collected within the 20 range of 10° to 90°,
with a scanning rate of 5°/min. Raman spectroscopy (DXR2xi Raman Imaging Microscope,
Thermo Fisher Scientific, Waltham, Massachusetts, USA, equipped with a 532 nm laser)
provided spectra of the graphite materials, indicating changes in structural defects and
crystalline order. Finally, molecular dynamics simulations using LAMMPS (Sandia Na-
tional Laboratories, Albuquerque, New Mexico, USA) were conducted to investigate
atomic movements underlying structural transformations.

3. Results and Discussion
3.1. Mass Loss

After 1000 h of exposure to molten CuSn alloy, the three graphite samples displayed
distinct corrosion characteristics. The LDG sample showed significant corrosion, with
edges losing sharpness, loose carbon particles on the surface, and a marked reduction in
thickness. The number of carbon particles gradually increased over time. After 600 h, a
significant number of carbon particles were dislodged from the surface layer, forming dis-
tinct pits on the sample surface. After 800 h, the LDG samples disintegrated into powder
and were removed from the experiment. Carbon particles in the HDG samples were ob-
served only after 600 h. After 1000 h, no large pores formed, and the thickness remained
almost unchanged. The PyG sample remained in its original state after the experiment,
showing no visible signs of corrosion and demonstrating better resistance. After each ex-
periment, the samples were weighed, and the percentage change in mass was calculated
using the equation:
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Am=(m,—m,)/my (1)

where mo and mx represent the mass of the graphite sample before corrosion and after x
hours of corrosion, respectively. The results are shown in Figure 3, where each data point
represents the average weight of multiple measurements at the corresponding contact
time for all samples. Two phenomena contribute to the measured mass change: (1) an
increase in mass from molten metal infiltration into the pores and retention within the
graphite, and (2) a decrease in mass due to the detachment of carbon particles from cor-
rosion. The results show that the percentage mass loss for LDG (powder after 800 h) and
HDG (after 1000 h) reached 60.09% and 15.41%, respectively, while PyG (after 1000 h) had
only 5.64%, corresponding to the observed shedding of carbon particles from the graphite
surface.
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Figure 3. Percentage mass loss of graphite samples after exposure to molten CuSn alloy at 1100 °C

for various durations, accompanied by photographic images of selected samples.

3.2. Microstructure and Mechanical Properties

Figure 4 shows SEM images of the graphite surface before and after corrosion by
molten CuSn alloy. LDG and HDG are fabricated by applying uniform high pressure to
compress graphite powder. As a result, the surface of the pristine sample typically con-
tains numerous pores and microcracks, as shown in Figure 4a,b. These features serve as
active sites for molten metal infiltration and subsequent graphite corrosion. According to
Zhao He et al. [19], molten metal penetration into graphite is influenced by porosity, tem-
perature, pressure, and exposure time. Under identical temperature and pressure condi-
tions, the degree of metal penetration positively correlates with both graphite porosity
and exposure time. For both LDG and HDG, the pores and microcracks on the graphite
surface were filled with metal particles after the corrosion experiment, and the carbon
particles were detached from the graphite surface, resulting in the expansion and deep-
ening of the surface pores. LDG exhibited the most severe corrosion damage, with wide
pores caused by corrosion clearly visible on the sample after 400 h of corrosion, as de-
picted in Figure 4a. In contrast, HDG experienced less corrosion damage than LDG due
to its superior density and lower porosity, with wide pores forming later on its surface.
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Wide pore

After 800 h, the surface of HDG developed a honeycomb-like porous structure. PyG ex-
hibits a high degree of graphitization and a nearly non-porous layered structure due to
its chemical vapor deposition (CVD) manufacturing process. However, defects in the
manufacturing process introduced local fracture layers and microcracks in PyG, which
serve as active sites for the corrosion of molten CuSn alloys. The corrosion of PyG is non-
uniform. At the surface structural defects, corrosion forms regional pores or even fracture
layers, as shown in Figure 4c. Additionally, the corrosion on the PyG surface is uneven,
as illustrated by the SEM image of a larger area in Figure 5. Wide pores readily form at
fracture layers or micro-crack sites on the sample, while the corrosion at flat, defect-free
areas is significantly less severe.

100pm

100pm | L

on-induced
layers

100pm

Figure 4. SEM images of (a) LDG, (b) HDG, and (c) PyG samples after exposure to molten CuSn
alloy at 1100 °C for different durations. (d) Mapping images of PyG-600h sample.

Figure 5. SEM images of PyG surface with a magnification of 500x. (a) Before corrosion and (b) after

400 h of corrosion.

The cross-sectional SEM images of the three graphite samples after corrosion are
shown in Figure 6. The maximum depth of the internal metal particles from the contact
surface is marked in the figures. The penetration depth of the molten CuSn alloy into LDG
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and HDG increased with exposure time. After 600 h, the maximum metal penetration
depth in LDG was approximately 162 um, whereas in HDG, it was about 82 um, roughly
half of that in LDG. After 1000 h, the metal penetration depth in HDG reached approxi-
mately 186 pm. In the LDG and HDG samples, a significant amount of large metal parti-
cles accumulated in the near-surface layer, where the graphite suffered more severe cor-
rosion, resulting in the fragmentation of graphite particles into finer pieces or even pow-
ders. Fewer metal particles and less pronounced corrosion were observed in the deeper
regions, farther from the surface. The nearly non-porous layered structure significantly
prevents the penetration of molten CuSn alloy into PyG. Even after 1000 h of exposure,
corrosion-induced pores only form at the outermost structural defects. No metal particles
or signs of corrosion were observed in the far surface layers. This suggests that the fault-
less layered graphite structure can effectively hinder the penetration of the molten CuSn
alloy into the deeper graphite layers.

100pm

100pm 100pm 100pm

Figure 6. Cross-sectional SEM images of graphite samples after exposure to molten CuSn alloy at
1100 °C for different durations. (a) LDG, (b) HDG, (c) PyG. The green number in the figures repre-

sents the approximate maximum depth of the internal metal particles from the contact surface.

Corrosion of structural materials by molten metals generally occurs through the dis-
solution of material components, chemical reactions, mechanical effects, and interatomic
interactions [28]. Depending on the material composition and environmental conditions,
one or more of these corrosion processes may occur simultaneously. The degree of graph-
ite corrosion observed by SEM correlates with the metal penetration content and depth.
Studies have shown that molten metal infiltration generates stress, which can cause cor-
rosion damage to the material [29,30]. As molten metal penetrates graphite, it converges
to form particles, and the resulting stress concentration further aggravates the corrosion
damage of the graphite structure. This is consistent with the observation that metal parti-
cles near the graphite surface are larger, and the corrosion damage in these regions is more
serious. As shown in Figure 4d, EDS elemental analysis of the corroded graphite samples,
such as PyG-600h, revealed the presence of only metals (Cu: 0.08 at.%, Sn: 0.09 at.%) and
carbon (C: 99.83 at.%), with no detectable impurity elements. Therefore, the morphologi-
cal changes in graphite can be preliminarily attributed to the stress generated by the mol-
ten CuSn alloy in the graphite structure.

In this study, the optical surface morphology and roughness of graphite samples
were measured using a three-dimensional optical profilometer. The root mean square
roughness (Rq) of the sample surface was calculated using the equation:
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where Zi represents the height of each point, Z is the average height of all points, and n
is the number of data points in the image area. The total height of the profile (Rt) was
indicated directly above the right scale in the 3D optical profilometry map in Figure 7a—c.
To minimize the influence of measurement location, measurements were taken at the sam-
ple center and five surrounding areas, and the values were then averaged.
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Figure 7. (a—c) 3D optical profilometry maps of LDG, HDG, and PyG. (d) Rq of the three graphite
samples. (e) Schematic representation of the scratch acquisition process for graphite samples. (f)

Scratch hardness of the three graphite samples.

The 3D optical profilometry map shows that all three graphite samples were cor-
roded by molten CuSn alloy, causing significant surface defects. Morphologies of LDG
and HDG show that corrosion caused the detachment of graphite surface layers as carbon
particles, leaving wide pores. PyG appears to have undergone pitting corrosion by molten
CuSn alloy, with larger and deeper pore defects forming at the surface. These morpholog-
ical characteristics are aligned with those observed by SEM. The Rq of the samples is pre-
sented in Figure 7d. After 1000 h of corrosion by molten CuSn alloy, the roughness of all
three graphite samples increased. The roughness of LDG and HDG continued to increase
with exposure time, while PyG’s roughness initially increased and then decreased, likely
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due to the expansion and coalescence of surface pores. The primary cause of the increased
surface roughness of graphite is pore expansion and the detachment of carbon particles
induced by corrosion. Furthermore, during the separation of graphite and metal after the
experiment, the molten metal removed some loose carbon particles from the graphite ma-
trix, further contributing to the increase in surface roughness.

Scratch hardness tests were conducted on graphite samples using an automated
scratch tester to evaluate changes in mechanical properties before and after corrosion
[31,32]. Shore hardness or nanoindentation tests were not employed due to the limitations
in sample size and surface roughness, which prevented obtaining accurate results. The
automated scratch tester operated in constant-load sliding mode to create a 3 mm scratch
on the graphite surface under a 20 N load. The loading and unloading rates were set to 20
N/min, allowing a single reciprocating motion. The scratch profile curve was measured
using a profilometer, and its width and depth were determined through Gaussian fitting,
as shown in Figure 8. Five equidistant points along each scratch were measured. The
scratch hardness of the graphite samples was calculated using the formula:

Hs = 3)

where Hs is the scratch hardness, F is the applied load, and A is the area of the scratch
groove cross-section, which was approximated as an isosceles triangle during calcula-
tions. The results of the scratch hardness calculations are shown in Figure 7f. The hardness
of LDG decreases most rapidly with increasing exposure time, indicating the most signif-
icant reduction in mechanical properties. Compared to the LDG-400h sample, the LDG-
600h sample exhibits a little change in hardness, primarily due to the exfoliation of the
carbon particles caused by severe surface corrosion of the graphite matrix. Small graphite
flakes were observed splattering during scratch acquisition in PyG, resulting in higher
scratch width and depth measurements and lower hardness values. However, PyG exhib-
ited the slowest rate of hardness decay, demonstrating its superior ability to maintain me-
chanical properties under corrosion by molten CuSn alloy. The hardness degradation of
HDG was intermediate between that of LDG and PyG. The scratch hardness test of graph-
ite shows that corrosion by molten CuSn alloy degrades its mechanical properties. The
extent and rate of mechanical property degradation significantly affect the application of
structural materials. The high degree of graphitization, layered structure, and high den-
sity of PyG enhance its long-term resistance to penetration and corrosion by molten CuSn
alloy. The manufacturing method of HDG is identical to that of LDG, and its low porosity,
which corresponds to high density, leads to a slight improvement in corrosion resistance
after the same corrosion period.
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Figure 8. (a-c) Width and depth of scratches on the corroded surfaces of LDG, HDG, and PyG sam-
ples, respectively. (d) Example of a scratch profile curve collected by a profilometer along with the

corresponding Gaussian fitting curve.

3.3. X-Ray Diffraction and Raman Spectroscopy Characterization

XRD patterns were measured to investigate the phase composition and crystal struc-
ture changes in the three graphite samples after corrosion, as shown in Figure 9. The cor-
responding graphite characteristic lattice plane has been marked in the figures. In addition
to the characteristic graphite peaks in the XRD patterns of LDG and HDG, peaks corre-
sponding to metallic Sn and the intermetallic compound Cus265ns appeared after corro-
sion. These peaks corresponded to the SEM morphology of metal particles filling the
graphite pores. No diffraction peaks for metals or compounds are observed in the XRD
pattern of PyG. This may be because the corrosion of PyG occurs locally, and the X-ray
measurement detects the uncorroded area rather than the pores formed by the corrosion
of molten CuSn alloy. After 1000 h of corrosion, no diffraction peaks for Cu-C, Sn-C, or
intercalation compounds were detected in the XRD patterns of the three graphite samples.
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Figure 9. XRD patterns of graphite samples after exposure to molten CuSn alloy at 1100 °C for dif-
ferent durations: (a) LDG, (b) HDG, (c) PyG, and (d) the mean dimension of crystallite perpendicu-
lar to the (002) diffracting plane (Lc).

After the corrosion of LDG and HDG by molten CuSn alloy, the intensity of the (002)
diffraction peaks for both samples significantly decreased, indicating a reduction in
graphite crystallinity. This suggests that graphite may transform into amorphous carbon
during the corrosion process. The mean dimension of crystallite perpendicular to the (002)
diffracting plane (L) was calculated using Equations (4) and (5) [33,34] to reflect changes
in the graphite crystal structure after corrosion.

R
¢ Beosby,’ @)
B= ﬁgoz — 512 )

where k is a constant (0.89), A is the X-ray wavelength (0.15418 nm, Cu, Ka), fooz and Gooz
represent the FWHM and the corresponding Bragg angle of the graphite (002) diffraction
peak, respectively, and fris the instrument broadening (measured in this work as 0.1047°).
The Lc calculation results are shown in Figure 9d, and the L. of the graphite samples fluc-
tuated within a certain range after corrosion. Studies have shown that high temperatures
can promote grain growth and defect healing in materials, leading to an increase in grain
size [35]. During cooling, the mismatch in the thermal expansion coefficients of metal and
graphite generates compressive stress, which closes the Mrozowski cracks in artificial
graphite and increases L. [19,36]. The decrease in L. may be linked to the corrosion degra-
dation in the graphite crystal structure, which will be further discussed in the next section.
LDG suffered the most severe corrosion in this research and decreased L. noticeably. After
600 h, the severely corroded graphite particles on the surface of LDG completely detached.
XRD detected a region with lower corrosion in the inner layer, and L. showed a slight
recovery. Due to the relatively mild corrosion of HDG and PyG, as well as the challenges
in maintaining consistent sample areas during measurement, deviations were observed
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in the calculated L. values. The Lc value of PyG remained within the range of 16.1 + 0.4
nm, while the Lc value of HDG remained within the range of 22.7 + 0.6 nm.

To investigate the effect of metal on the crystal structure of graphite during heating and
cooling, a metal infiltration and heat treatment (MIHT) comparative experiment was con-
ducted. The control experiment setup was the same as the corrosion experiment, except that
cooling occurred immediately after heating to 1100 °C. Figure 10 compares the (002) diffrac-
tion peaks of the pristine samples of the three graphite before and after the MIHT experi-
ment under normalized intensity and includes the (002) diffraction peaks of the graphite
samples with the maximum corrosion time. The results show that after the MIHT experi-
ment, the (002) diffraction peaks of LDG and HDG shift slightly to a larger 20 angle, while
the FWHMs decrease. This suggests that some structural defects in the graphite crystals
were healed during the MIHT process. In contrast, compared to the pristine sample, the
(002) diffraction peaks of the corroded sample shift to the left, and its FWHMs increase. This
indicates that corrosion damage caused by the molten CuSn alloy generates numerous
structural defects in the graphite crystal structure, which could not be fully healed during
the heating and cooling process [37]. The more porous structure of LDG results in greater
metal penetration and retention. Therefore, the defect healing (indicated by the diffraction
peaks shifting to the right) caused by high temperature or thermal expansion coefficient
mismatch between the metal and graphite is more pronounced. The increase in defect con-
tent caused by corrosion (indicated by the diffraction peaks shifting to the left) is also more
pronounced. The diffraction peak shifts in HDG are smaller than that of LDG, and the
change in structural defect content is also less pronounced. After the MIHT experiment and
1000 h corrosion, the position and FWHM of the (002) diffraction peaks of PyG remain al-
most unchanged, and the content of crystal defects shows minimal variation. The XRD char-
acterization results demonstrate that no chemical corrosion occurred, which is consistent
with previous studies [38,39]. However, the shift in the diffraction peak position, changes in
crystallinity, and Lc suggest that the crystal structure may have been damaged by the molten
CuSn alloy, leading to an increase in defect content.
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Figure 10. The (002) diffraction peaks of three graphite samples before and after the MIHT experi-
ment, along with magnified views: (a), (d) LDG; (b), (e) HDG; and (c), (f) PyG.
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Laser Raman spectroscopy is an effective tool for characterizing the structural order
of carbon materials. The Raman spectrum of defect-free graphite contains two sharp
bands: the G band near 1580 cm™ and the G’ band near 2700 cm™'. The appearance of the
D band near 1350 cm™ indicates structural defects in the material [40]. As structural de-
fects in graphite increase, the intensity of the D peak also strengthens, while the G peak
may undergo a slight shift or broadening. The intensity ratio of the D and G bands (In/Ic)
is commonly used to represent the structural order of carbon materials. In this research, a
532 nm laser was used as the excitation source to test the graphite before and after corro-
sion. The intensity-normalized Raman spectra are shown in Figure 11, and the In/Ic values
for each sample are directly marked in the figures. The Raman spectra show the three
main bands, D, G, and G, indicating that the graphite structures contain defects. Addi-
tionally, two low-intensity bands, D + D" and D + D”, obviously appeared on either side
of the G’ band in the Raman spectra of LDG and HDG. Research indicates that these bands
only appear when graphite has a high density of structural defects [41]. As the exposure
time of graphite in molten CuSn alloy increased, the number of corrosion-induced defects
increased, leading to a rise in the In/Ic ratio. After 1000 h of corrosion, the structure of all
three graphite samples became more disordered due to the accumulation of defects. The
D band intensity and Io/Ic of LDG samples were generally higher than those of HDG and
PyG, indicating that LDG materials have significantly higher degrees of structural disor-
der and defect content. PyG had the most ordered structure among the three graphite
materials, and the results showed that it was also the least corroded. By Raman spectros-
copy, the graphite samples with a more ordered structure suffered less corrosion in the
molten CuSn alloy.
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Figure 11. Raman spectra of graphite samples after exposure to molten CuSn alloy at 1100 °C for
different durations. (a) LDG, (b) HDG, (c) PyG.

3.4. Simulation and Corrosion Mechanism Analysis

In the previous discussion, we initially attributed the corrosion of graphite in molten
CuSn alloy to the stress effect induced by metal penetration and aggregation. LDG and
HDG are both porous graphite structures fabricated by isostatic pressing, where the effect
of stress on the internal pores is significant. PyG, fabricated by CVD, is a dense, layered
structure. Metal penetration into the structure is difficult, and the effect of stress is mini-
mal. After the experiment, corrosion characteristics resembling metal pitting were ob-
served on the surface of PyG, and Raman spectroscopy confirmed that the structure of
PyG became more disordered. Therefore, the corrosion of graphite materials in molten
CuSn alloy is not solely caused by stress. To further investigate the damage mechanism
of molten CuSn alloy on the graphite structure, a graphite-CuSn alloy model was
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established using LAMMPS. The molten CuSn was equilibrated under the NPT ensemble
with a relaxation time of 0.5 ps. The initial configuration was created by connecting solid
graphite with molten CuSn samples. The total size of the solid-liquid structure was 25 x
25 x 53, containing 3292 atoms. The initial state of the solid-liquid system model is shown
in Figure 12a. The time step for the LAMMPS simulation was set to 1.0 fs, with the Nose—
Hoover thermostat and Parrinello-Rahman barostat used to control the temperature (1373
K) and pressure (131 kPa). Periodic boundary conditions were applied in all three spatial
directions.
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Figure 12. LAMMPS simulation images: (a) initial state of the CuSn-graphite solid-liquid interface,
(b) state after 1 ps in a thermal bath, (c) cross-sectional image of slice 1, and (d) cross-sectional image
of slice 2.

After 1.0 ps in the thermal bath, the equilibrated solid-liquid system is shown in Fig-
ure 12b, and the complete video of the atomic motion process is shown in the supplemen-
tary information. Surprisingly, the intact C atom lattice structure at the solid-liquid inter-
face becomes defective due to interactions with Cu and Sn atoms. Some Cu atoms infiltrate
the carbon lattice planes, displacing adjacent carbon atoms and disrupting the ordered
arrangement. Additionally, carbon atoms diffuse into the molten CuSn alloy, suggesting
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that the graphite structure transforms into amorphous carbon. The graphite structure was
sliced for observation, as shown in Figure 12¢,d. The damage to the graphite structure
caused by Cu and Sn atoms occurs primarily at the contact interface. Carbon atoms deeper
within the structure, which are unaffected by the metal atoms, retain their original ar-
rangement. At the solid-liquid contact interface, atomic collisions cause some carbon at-
oms to displace, resulting in defect formation. Metal atoms occupy defect sites, causing
the defects to propagate and ultimately leading to structural collapse. The MD simulation
results confirmed the increased disorder in the graphite crystal structure, as detected by
XRD and Raman spectroscopy and aligned with the formation of pores observed by SEM.
Furthermore, the corrosion effect of metal atoms could be more pronounced for graphite
materials with structural defects. Thus, the damage to the graphite atomic structure by
metal atoms at high temperatures provides an explanation for graphite corrosion in mol-
ten CuSn alloy in addition to the stress effect.

Experimental and simulation results demonstrate that atomic thermal motion and
stress from metal penetration are the primary causes of graphite corrosion in molten CuSn
alloy. At 1100 °C, the thermal motion of Cu and Sn atoms disrupts the ordered arrange-
ment of carbon atoms, leading to a layer-by-layer disordering of the graphite structure.
Throughout the experiment, atomic thermal motion continuously caused corrosion dam-
age to the three graphite structures. The corrosion of this microstructure is typically slow
but intensifies at graphite’s inherent structural defects, forming local pores, resembling
pitting corrosion. In contrast to the nearly non-porous layered graphite (e.g., PyG) pro-
duced by the CVD method, porous isostatically pressed graphite (e.g., LDG, HDG) also
experiences stress due to molten CuSn alloy penetration during corrosion. The tightly
packed graphite particles are damaged by stress within the pores, leading to loosening,
deformation, and even fragmentation. The corrosion effect caused by this stress is highly
significant and directly related to the density and porosity of graphite. Therefore, LDG
suffered the most serious corrosion in the experiment, while PyG had relatively better
corrosion resistance. Figure 13 illustrates the corrosion mechanism of molten CuSn alloy
on graphite in detail. The process can be summarized as follows: (1) Molten metal wets
the graphite surface at high temperatures, initiating material interaction at the interface
and primarily causing atomic structural damage in graphite due to thermal motion. (2)
The metal infiltrates and accumulates within the graphite, leading to localized stress con-
centration. (3) Stress generated by molten metal infiltration into graphite pores and defects
accelerates pore expansion and material degradation, causing carbon particles to loosen
and detach from the graphite matrix. Notably, the stress corrosion of PyG is minimal due
to its non-porous structure. PyG could be considered to be corroded solely by atomic ther-
mal motion.
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Figure 13. Schematic of the corrosion mechanism of graphite materials by molten CuSn alloy.

4. Conclusions

This work systematically investigated the corrosion behavior of molten CuSn alloy
on three graphite materials for up to 1000 h at 1100 °C. The results show that all graphite
samples display the following corrosion characteristics: increased pore size, increased sur-
face roughness, decreased hardness, and mass loss. At the start of the corrosion test, LDG
first exhibited pore expansion and carbon particle shedding. After 800 h, with a mass loss
of up to 60.09%, the graphite block disintegrated into powder, and its hardness signifi-
cantly decreased. HDG, with superior density and porosity, also exhibited carbon particle
shedding after prolonged corrosion. The formation of honeycomb-like carbon particles
after 800 h suggests that HDG is severely corroded by molten CuSn alloy, and after ex-
tended corrosion, it will likely collapse in a manner similar to LDG. PyG, with its nearly
non-porous layered structure, effectively blocks molten CuSn alloy infiltration, resulting
in the least corrosion, with minimal mass loss and hardness degradation.

Macroscopic corrosion of graphite by molten CuSn alloy at high temperatures is
driven by stress effects. Stress arises from molten metal infiltration into the graphite pore
structure, followed by metal transmission and aggregation within the pores, significantly
affecting porous graphite. Additionally, the thermal motion of Cu and Sn atoms disturbs
the ordered graphite microstructure layer by layer, causing microstructural corrosion. Mi-
cro-corrosion generally occurs at the contact interface between graphite and molten CuSn
alloy, resulting in slow and relatively mild corrosion. However, inherent structural defects
(e.g., dislocations, vacancies) in artificial graphite exacerbate the corrosion, leading to se-
vere local corrosion and conversion into disordered carbon materials.

The graphite material undergoes both macroscopic and microscopic corrosion effects
in molten CuSn alloy at 1100 °C, resulting in structural corrosion and performance
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degradation. The extent of corrosion depends on the manufacturing methods and pro-
cesses of graphite. Graphite with a denser structure, lower porosity, and fewer defects
exhibits better corrosion resistance. In this study, the corrosion resistance of the three
graphite materials follows this order: LDG < HDG < PyG. The findings of this work shed
light on selecting suitable graphite materials as furnace wall components for hydrogen
production via molten metal-catalyzed methane pyrolysis, contributing to the develop-
ment of the hydrogen production industry.

Supplementary Materials: The following supporting information can be downloaded at
www.mdpi.com/xxx/s1. Video S1: The video of the complete atomic motion process of the solid—

liquid system composed of molten CuSn alloy and graphite.
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Nomenclature
HDG High-density graphite
In/Ic The intensity ratio of the D and G bands of Raman spectroscopy
Lc The mean dimension of crystallite perpendicular to the (002) diffracting plane
LDG Low-density graphite
MD Molecular dynamics
MIHT Metal infiltration and heat treatment
PyG Pyrolytic graphite
Rq The root mean square roughness
Re The total height of the profile
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