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Abstract: Developing next-generation thermal-neutron-shielding and -absorbing materials for the safe
storage and transportation of spent nuclear fuel is a topic of active research in academia. Gadolinium
(Gd) boasts superior neutron absorption capacity compared with other nuclei. Consequently, it
has garnered significant attention as a potential replacement for boron in spent nuclear fuel (SNF)
applications. In this study, the austenitic stainless steels 304 and 316 and the duplex stainless steel
5A were reinforced with 2 wt.% of gadolinium to explore their thermal-neutron-absorbing efficiency.
Their properties were then compared with commercial-grade borated stainless steel, as per ASTM
standard A887. After the inclusion of Gd, both the yield strength and ultimate tensile strength
of the alloys slightly increased, which was attributed to the evenly distributed Gd intermetallics
within the matrix. However, the elongation rate was reduced. The Charpy impact absorption
energy also decreased. The influence of the Gd intermetallic was further explored by examining the
fractography. While the corrosion resistance of the alloy slightly diminished after the addition of Gd,
its neutron absorption capacity demonstrated superior performance, especially when the Gd content
was equivalent to that of boron. Although most properties of the experimental alloy deteriorated
after the Gd addition, they still outperformed commercial borated stainless steel, suggesting that this
alloy might be a promising candidate for SNF applications.

Keywords: gadolinium; stainless steel; neutron-absorbing material; mechanical properties; mi-
crostructure; corrosion resistance

1. Introduction

Spent nuclear fuel (SNF) generated by nuclear reactors has the inherent capability to
undergo spontaneous fission, resulting in the emission of intense neutrons and gamma
rays [1-4]. These emissions pose significant radiation risks to both individuals and the
surrounding environment, necessitating careful and proper disposal. The safe management
of SNF hinges on effective transportation and storage practices, with neutron-shielding
and -absorbing materials serving as pivotal components [5,6].

Among these materials, boron steel and boron carbide (B;C)/aluminum (Al) compos-
ite materials are notable examples, where they rely on the high thermal neutron absorption
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cross-section of boron-10 (1°B) [7]. These materials find application in the storage racks
and transport casks used for SNF. To enhance the neutron-shielding and -absorbing effec-
tiveness of boron steel, enriched '°B is typically introduced into steel through alloying.
This process, however, is intricate and costly. Moreover, the highest achievable boron (B)
content in such steel remains limited to 2.25 wt% [8]. Unfortunately, boron steel with this B
content cannot entirely shield thermal neutrons, and its mechanical properties significantly
deteriorate beyond this concentration [4]. Consequently, it is deemed unsuitable for the
secure transportation and storage of SNF. Furthermore, the borides within boron steel tend
to form helium bubbles upon neutron absorption, leading to the degradation of shielding
materials over extended storage periods, thereby posing safety risks [9].

On the other hand, B4C/Al neutron-shielding materials can contain substantially
higher B4C content, up to 35 wt%. However, materials with such elevated B4C content
exhibit exceptional hardness, making them challenging to process and shape [10]. Addi-
tionally, B4C/ Al composites as thermal-neutron-absorbing and -shielding materials cannot
function as standalone structural materials and require a boron steel cladding layer for
structural support. This complex design results in containers with intricate structures
and limited storage capacity, rendering them inconvenient for use, cleaning, and mainte-
nance [11]. Evidently, there exists a trade-off between the content of neutron-absorbing
elements and the properties of neutron-absorbing and -shielding materials.

Gadolinium (*®1Gd) boasts the highest thermal neutron absorption cross-section
value compared with other nuclei. Furthermore, when considering thermal neutron cross-
section values, 1%Gd boasts an exceptional advantage, presenting an approximately 60-fold
increase (240,000 b) compared with boron (1°B) (3810 b) [12]. At an equivalent content,
Gd exhibits a thermal neutron absorption capacity more than four times greater than that
of 1B, and it comes at a significantly reduced cost, ranging from 1/12 to 1/5 of 1°B [13].
Furthermore, Gd effectively mitigates helium bubble formation during neutron absorption
reactions, thus extending the service life of neutron-absorbing and -shielding materials [14].
Substituting Gd for B in the production of thermal-neutron-absorbing and -shielding
materials presents a solution to the content—performance dilemma. This approach allows
for achieving superior neutron-shielding rates and enhanced material properties with lower
Gd content.

Stainless steels (SSs) and nickel-based alloys are well regarded for their formidable
mechanical strength and robust corrosion resistance. As a result, there has been considerable
exploration into the amalgamation of Gd with various materials, including nickel-based
alloys [15,16], austenitic stainless steels [17-19], and duplex stainless steels (DSSs) [20,21].
These alloys demonstrate promise in terms of reactivity control and structural functionality,
albeit at the expense of reduced toughness and ductility owing to the formation of Gd-rich
precipitated intermetallics. In recent developments, there has been growing interest in
novel alloys that incorporate both Gd isotopes, aiming to strike a balance between effective
neutron absorption and structural integrity [22,23].

S5 304, SS 316, and ASTM A890 5A grade duplex stainless steel were selected as base
materials. To introduce Gd, 2 wt. % was incorporated and the alloys were prepared using
vacuum arc melting (VAM). For a detailed examination of the alloy microstructures and
inclusions, a field-emission scanning electron microscope (FE-SEM) was employed. The
phases and compositions of these alloys were determined using X-ray diffraction (XRD)
and energy-dispersive X-ray spectroscopy (EDS). Furthermore, the mechanical properties
were assessed using tensile and Charpy impact resistance testing, while the corrosion
resistance was evaluated via electrochemical corrosion tests.

2. Experimental Procedures
2.1. Alloy Design and Production
The experimental alloys were fabricated with VAM using electrolytic iron (Fe), chromium

(Cr), nickel (Ni), manganese (Mn), silicon (Si), ferro-molybdenum (Fe-60 wt%Mo), and
ferrochromium nitride (Fe-60 wt%Cr-10 wt%N), and high-purity Gd (99.99%, Treibacher
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Industrie AG, Hamburg, Germany). To prevent oxidation, the dissolution was conducted
in a high-vacuum state of >1 x 107> Torr and Argon (Ar) was used as the atmosphere gas
of the chamber. In the case of the experimental alloy, remelting was performed five times
by inverting each specimen up and down to prevent segregation and promote the uniform
distribution of Gd.

In this study, SUS 304, SUS 316, and DSS 5A alloys (listed in ASTM standard A890)
were selected as base materials and chemical compositions of the experimental alloys
were analyzed using inductively coupled plasma optical emission spectroscopy (ICP-OES,
iCAP-6300, Thermo Scientific, Amberg, Germany), and the results are shown in Table 1. The
amount of Gd added was 2 wt.%, and the material property changes before and after the
Gd addition were analyzed according to the amount of added Gd. Before the preparation
of the experimental alloy, the solidification behavior was confirmed and the appropriate
heat treatment temperature was determined using our previous studies.

Table 1. Chemical composition of the experimental alloys (wt.%).

Alloys Fe Cr Ni Mo Mn Si N Gd
304 (Aimed) Bal. 18 10 - 1.3 0.8 0.1 2
304 Bal. 18.4 9.21 - 1.01 0.45 0.13 -
304-Gd Bal. 18.1 9.44 - 1.13 0.62 0.12 1.76
316 (Aimed) Bal. 18 12 24 1.3 0.8 0.1 2
316 Bal. 19.3 11.6 1.9 1.4 091 0.12 -
316-Gd Bal. 18.3 10.9 2.12 1.19 0.77 0.14 213
5A (Aimed) Bal. 25 7 45 1.3 0.8 0.3 2
5A Bal. 25.4 717 4.23 1.16 0.65 0.25 -
5A-Gd Bal. 25.8 7.63 4.34 1.22 0.78 0.28 1.96

The prepared experimental alloy was subjected to a solution heat treatment to re-
move the intermetallic compounds generated during solidification. In the case of 304 and
316 alloys, the solution heat treatment was performed at 1080 °C, and in the case of 5A, a
solid solution heat treatment was performed at 1130 °C to create a ratio of « to y phases
equal to 45:55.

The evaluation of the neutron-absorbing capacity of the fabricated alloys in this study
followed a previously established method [1]. In essence, we employed the Beer—Lambert
Law to theoretically calculate the neutron transmission ratio, as expressed below [24]:

1/1p = e Nt (1)

Here, Iy and I represent the neutron transmission intensity before and after passing
through the absorber, respectively. N denotes the atom density, o signifies the total cross-
section, and t stands for the thickness of the neutron absorber. To determine the atom
density (N) of each element (x), we used the following formula [1]:

« = PNanx /M (2)

where p represents the density of the compound, M stands for the molecular weight of
the compound, N, corresponds to Avogadro’s number (6.022 x 103 atoms/mol), and ny
indicates the number of atoms of element x within one compound. Table S1 shows the
various parameters of Fe and Gd used to calculate the neutron transmission ratio. Since the
neutron cross-section value of Gd is much higher compared with that of other elements

composing steel, we performed the calculation using only Fe, which is the main component
of steel, and Gd.
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2.2. Microstructure Characterization

For the microstructural examinations, the experimental samples underwent a prepa-
ration process involving grinding with SiC sandpaper ranging from ~180 to 2000 grit,
followed by polishing with diamond suspension slurries. The assessment of the experimen-
tal alloys, both with and without Gd, was conducted using the backscattered electron (BSE)
mode of a Quanta 200 F field-emission scanning electron microscope (FE-SEM) from the FEI
Company in the USA, both before and after the solution treatment. An energy-dispersive
X-ray spectroscopy (EDS) attachment integrated with the FE-SEM was employed to ana-
lyze the elemental composition of the specimens. To characterize the alloy phases, X-ray
diffraction (XRD) analysis was performed using a D8-discover instrument from Bruker in
Germany with monochromatic Cu Ka radiation. The scanning spanned a diffraction angle
range from 20° to 80°, operating at a rate of 1°/min. The « phase content was quantified
employing a feritscope (FMP-30) manufactured by Fischer in Germany, boasting a remark-
able « detection limit of 0.1%. Notably, each specimen was subjected to analysis across an
average of 30 fields. Furthermore, the average sizes and areas of inclusions present in the
alloys were assessed through the utilization of an inclusion analyzer (CTR 6000) produced
by Leica in Berlin, Germany.

2.3. Mechanical Properties of the Experimental Alloys

To investigate the mechanical characteristics of the experimental alloys, including those
with and without Gd, we conducted assessments of their tensile strength and Charpy im-
pact resistance. Cylindrical specimens were subjected to elongation at a constant crosshead
speed of 1 mm/min, following the guidelines outlined in the ASTM standard A370. This
evaluation of tensile properties was carried out using an AGX 300KN testing machine man-
ufactured by Shimadzu in Japan. Furthermore, Charpy impact tests, in accordance with the
KS5-0809 standard, were performed on V-notched specimens measuring 10 x 10 x 55 mm?.
These tests were executed using a Charpy-type impact tester (SAID3) from Satec in the
USA, all of which were conducted at a temperature of 25 °C. Subsequently, the fractured
surfaces of the specimens following these tests were meticulously examined using an
FE-SEM. To ensure the reliability of our findings, each mechanical test was conducted
on more than five specimens for each alloy, allowing us to derive statistically significant
outcomes. All quantitative data are presented as mean values accompanied by standard
deviations. For the purpose of the statistical analysis, a one-way ANOVA was employed,
with a significance threshold set at p < 0.05.

2.4. Electrochemical Corrosion Test

To assess the corrosion resistance of our experimental alloys immersed in artificial
seawater, we employed an electrochemical potentiostat (VersaSTAT 3, AMETEK Scientific
Instruments, Princeton, NJ, USA). The composition of the artificial seawater strictly adhered
to the ASTM standard D1141-98, and its pH was adjusted to 8.2 for consistency.

For all electrochemical corrosion assessments, a conventional three-electrode cell setup
was used, which featured a working electrode with a surface area of 1 cm?, a platinum plate
as the counter electrode, and an Ag/AgCl electrode functioning as the reference electrode.
To ensure stability, each alloy sample was initially submerged in the artificial seawater for
30 min to achieve a steady open-circuit potential before the polarization scan commenced.
Subsequently, we conducted a potential sweep ranging from —1000 to 1000 mV, operating
at a scan rate of 0.1 mV/s. From the resulting potentiodynamic polarization curves, we
calculated key parameters, such as the corrosion potential (Ecorr), corrosion current density
(Icorr), and cathodic (3c) and anodic (3a) Tafel slopes. Additionally, the polarization
resistance (Rp), which is essential for determining corrosion rates, was determined using
the Stern-Geary equation [25]:

Bc X Ba

& = 23l et ) ¥
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3. Results and Discussion
3.1. Microstructural Characterization

All alloying elements, including Gd, were close to their target compositions. The 304,
304-Gd, 316, and 316-Gd alloys were heat treated at 1080 °C and the 5A and 5A-Gd alloys
were treated at 1130 °C to remove intermetallic precipitates, such as o phase compounds
on the «, and obtain the ideal phase fraction. We tried to qualitatively analyze the phases
of the experimental alloys using XRD analysis, and the results measured after the solution
heat treatment are shown in Figure 1. In the case of the experimental alloys to which Gd
was not added, no specific peak was observed and typical peaks of austenitic and DSS were
observed. In the case of the 5A experimental alloy, the sigma (o) phase and chi (x) peaks,
which are harmful intermetallic compounds, did not appear. In the cases of 304-Gd and
316-Gd, Gd-related peaks did not appear.
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Figure 1. X-ray diffraction patterns of the experimental alloys after solution heat treatment.

Figure 2 shows SEM-BSE images after the solution heat treatment of 304-Gd, 316-Gd,
and 5A-Gd. No microcracks or defects were found in any of the experimental alloys. The
Gd intermetallic compounds showed a randomly distributed appearance throughout the
specimen rather than a fixed appearance in a characteristic region or location. Also, no
segregation or clusters were observed; there were no coarse intermetallic compounds.
Because the experimental alloys were fabricated in a high vacuum, near 1 x 10~ Torr, there
were almost no oxides or inclusions. The composition of Gd intermetallics deposited in the
experimental alloy was analyzed using SEM-EDS, and the results are shown in Figure 3.
Most Gd intermetallics had a composition of Fe-Cr-Ni—Gd or Fe-Cr—Gd-N.

3.2. Mechanical Properties

The influence of Gd addition on the mechanical properties of the experimental alloys
was examined by conducting tensile and Charpy impact tests. Figure 4 and Table 2 show
the tensile test results. 5A showed higher tensile strength than 304 and 316 because it
had a structure in which the « and y phases were properly mixed. The ultimate tensile
strength of 5A was 734 MPa, which was higher than that of the 304 and 316 alloys. The
ultimate tensile strengths of 304-Gd, 316-Gd, and 5A-Gd were slightly increased compared
with those of the alloys without Gd. The ultimate tensile strength of 304-Gd showed an
improvement of approximately 7%, from 534 to 572.6 MPa, with Gd addition. The observed
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improvement was by approximately 11%, from 455 to 503 MPa, in the 316-Gd. The ultimate
tensile strength of 5A-Gd was 776 MPa, which was an improvement of approximately 6%
with the addition of Gd.

Figure 2. Representative backscattered electron (BSE) images of (a,d) 304-Gd, (b,e) 316-Gd, and
(c,f) 5A-Gd. Upper images are low magnification and the lower images are high magnification.
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Figure 3. Representative (a,c) SEM images and (b,d) their EDS results of Gd-based intermetallics.
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Figure 4. Changes in tensile properties of the experimental alloys with the addition of Gd: (a) 304
and 304-Gd, (b) 316 and 316-Gd, and (c) 5A and 5A-Gd.

The yield strength also slightly increased after Gd was added to the steels. In the
case of 304, the yield strength was improved by approximately 4%, from 217 to 225 MPa.
In the cases of 316 and 5A, yield strength improved by approximately 5%, from 209 to
220 MPa, and by approximately 8%, from 576 to 622 MPa, respectively. The improvements
in ultimate tensile strength and yield strength are thought to be the result of the uniform
distribution of Gd intermetallics generated by Gd addition to the matrix.

Conversely, the elongation of the Gd-added steels decreased significantly. In the case
of 304, an approximately 44% decrease, from 69% to 38%, was observed after the addition of
Gd. In the cases of 316 and 5A, the elongation decreased by approximately 22%, from 63%
to 49%, and 48%, from 30% to 15.9%, respectively. In general, the intermetallics improved
the strength of the alloy but reduced the toughness; therefore, the elongation decreased
because of the presence of the Gd intermetallics.
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Table 2. Tensile properties of the experimental alloys and borated stainless steel.

UTS (MPa) YS (MPa) E (%)
304 534.2 +24.7 2175+ 74 693+ 1.7
316 455.4 4+ 16.3 210.0 £+ 8.6 63.4+27
5A 734.7 +£10.1 576.1 +=10.3 309 +2.6
304-Gd 572.6 + 67.3 2254 + 6.8 38.3 + 3.3
316-Gd 504.0 = 15.6 220.9 £ 5.1 494 + 4.6
5A-Gd 7765 £ 24.3 6224 +49 159 £5.1
a oo B 515 205 9-20
304B7
2wt B) 515 205 6-17

Borated stainless steel, which is a representative thermal neutron absorber listed in
ASTM standard A887, is made by adding B content ranging from 0.2 wt.% to a maximum of
2.25 wt.% to 304 (austenitic stainless steel). ASTM standard A887 has minimum mechanical
property requirements according to the B content for use as a thermal neutron absorber.
The results of the experimental alloys (304-Gd, 316-Gd, and 5A-Gd) were compared with
the minimum mechanical property requirements of the ASTM standard [26-28]. Table 2
shows the tensile test results of the experimental alloys and the mechanical property
requirements for 304B6 and 304B7 alloys with B contents of 1.6 and 2 wt.%, respectively.
Generally, as the B content in the alloy increased, grain boundary segregation occurred
and B intermetallics were nonuniformly dispersed. Therefore, as the amount of added B
increased, the elongation decreased significantly. In the case of 304B7, in which the amount
of B added was similar to the Gd amount of the experimental alloys, the required values of
the ultimate tensile strength, yield strength, and elongation were 515 MPa, 205 MPa, and
~6-17%, respectively. The 304-Gd showed relatively high values for all three properties,
with 316-Gd and 5A-Gd also exceeding the standard.

Figure 5 and Table 3 show the Charpy impact test results of the experimental alloys
with solution heat treatment. 304, 316, and 5A showed impact energies of 125, 145, and
144 ], respectively, before Gd was added. In the case of 304-Gd (after adding Gd), the
impact energy was reduced by approximately 49% to 64 J. The impact energy of 316-Gd
decreased by approximately 56% to 62 ] and 5A-Gd also showed a value of 77 ], which
was approximately 46% lower than that before the Gd addition. The ASTM standard
requires an impact energy of 22 J for 304B6, with 1.6 wt.% B added, and 14 ] for 304B7,
with 2 wt.% B added, as minimum values [28,29]. In the case of 304-Gd, which is an
experimental alloy with a composition most similar to 304B7, the impact energy was 64 J,
which is approximately 2.9 times higher than that of 304B7. Our findings align closely with
prior research indicating that tensile properties, including ultimate tensile strength and
strain at the point of fracture, exhibit a decline with increasing Gd content in the alloys. Qi
et al. proposed that the proliferation of Gd-based intermetallic compounds significantly
increases the interface between the second phase and the matrix [8]. This, in turn, results
in a diminished bonding strength at this interface, rendering the material susceptible to
crack initiation and propagation under tensile loads, ultimately leading to material fracture.
Conversely, Wan et al. confirmed that an excessive accumulation of Gd-based intermetallics
can trigger cracking during tensile testing [30]. This underscores the trade-off between
augmenting neutron absorption capacity through increased Gd-based intermetallic content
and impeding matrix connectivity, which, in turn, reduces material ductility.
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Figure 5. Changes in Charpy impact energy of the experimental alloys with the addition of Gd.

Table 3. Charpy impact energy of the experimental alloys and borated stainless steel.

Alloys Impact Energy (J)
304 125.6 £ 5.1
316 1454 +9.3
5A 144.8 £26.1

304-Gd 64.3 +3.8

316-Gd 62.8 £4.9
5A-Gd 777 £9.7
304B6
(1.6 wt.% B) 22
304B7
(2 wt% B) 14

SEM fractographs of the experimental alloys after Charpy impact tests are shown
in Figures 6-8. Figure 6 is the result of a low-magnification observation of the fracture
surface. In the cases of Figure 6a—c, before the addition of Gd, ductile failure was observed.
Conversely, ductile failure was observed after Gd was added, but cleavage failure was
observed in some areas. Figure 7 shows images of the fracture surface observed at high
magnification. In the cases of Figure 7a—c, before adding Gd, the sizes of the dimples
were generally uniform, and the insides of the dimples were clean. Even after Gd was
added, some brittle fractures were observed, but the dimples were evenly distributed
overall, indicating a ductile fracture. However, Gd intermetallics were present inside the
dimple and showed a broken shape. In general, precipitates or inclusions cause stress
concentration and act as the main cause of lower shock energy absorption. In previous
research, adding Gd in a small amount improved the impact properties by changing
the inclusion morphology. However, in the experimental alloys in this study, stress was
concentrated on the Gd intermetallics, and thus, it is thought that the dimple did not grow
large and deep. The Gd intermetallics at the center of the dimple were analyzed using
SEM-EDS, and the results are shown in Figure 8. The size and fracture patterns of the Gd
intermetallics varied, with most of the chemical compositions being Fe—Cr-Ni-Gd-based
intermetallics.
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Figure 6. Low-magnification SEM images of the fracture surface of the experimental alloys: (a) 304,
(b) 316, (c) 5A, (d) 304-Gd, (e) 316-Gd, and (f) 5A-Gd.

Figure 7. High-magnification SEM images of the fracture surface of the experimental alloys: (a) 304,
(b) 316, (c) 5A, (d) 304-Gd, (e) 316-Gd, and (f) 5A-Gd.

3.3. Corrosion Resistances of the Alloys

Figure 9 and Table 4 show potentiodynamic polarization test results for the exper-
imental alloys in an artificial seawater solution. After Gd was added, the polarization
curves of all alloys showed a decrease in corrosion potential (Ecorr) and an increase in
corrosion current density (Icorr) compared with those of the alloys without the Gd addition.
In general, the corrosion resistance increased as the Eqorr value increased and the Iqorr value
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Additionally, the tendency of these Gd-based compounds to corrode more readily stemmed
from Gd’s heightened electrochemical activity relative to other matrix elements and its
limited capacity to create protective passive films.
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Figure 8. SEM images (top) of fracture surfaces and EDS analysis results (bottom) for the experimental
alloys: (a) 304-Gd, (b) 316-Gd, and (c) 5A-Gd.

Table 4. Potentiodynamic polarization parameters of the experimental alloys.

Alloys ( Ecorr Leorr 2 Be Ba Rp 2
mV vs. Ag/AgCl) (uA/em?) (mV/decade) (mV/decade) (kQ)-cm?)
304 —229.1 0.55 328.1 233.9 107.2
316 —180.6 0.19 128.8 109.9 133.1
5A —220.1 0.38 145.6 375.5 119.7
304-Gd —318.4 1.35 313.0 153.1 33.2
316-Gd —299.1 2.68 387.5 501.0 35.4

5A-Gd —245.8 4.84 498.4 305.8 17.0
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Figure 9. Potentiodynamic polarization curves for (a) 304 and 304-Gd, (b) 316 and 316-Gd, and (c) 5A
and 5A-Gd in artificial seawater.

3.4. Thermal-Neutron-Absorbing Properties of the Alloys

Theoretical calculations of thermal neutron absorption in the fabricated alloys were
conducted utilizing the Beer-Lambert Law. In Figure 10, we present the correlation between
the thermal neutron transmission ratio (I/Iy) and varying Gd concentrations in fabricated
steel alloys with different thicknesses of alloys. All the graphs exhibit a consistent pat-
tern characterized by an exponential reduction in the neutron transmission ratio with
increasing Gd concentrations in the steel-alloy-based thermal-neutron-absorbing material.
Furthermore, with a thicker fabricated steel alloy, the thermal neutron transmission ratio
decreased. Consequently, when the content of Gd in alloys was 2 wt%, nearly all neutrons
were effectively shielded.
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Figure 10. The relationship between the neutron transmission ratio and contents of Gd in various steels.

In our previous paper, the thermal neutron transmission ratio of the Fe alloy with
1 wt% of Gd was found to be similar to that of the Al composite with 30 vol% of boron car-
bide (B4C), which is extensively researched as a thermal-neutron-absorbing and -shielding
material [1]. It is important to highlight that even a small amount of Gd can effectively
absorb thermal neutrons. Moreover, as shown in Figure 10, we observed that the neu-
tron transmission ratio exponentially decreased with the increase in the thickness of the
fabricated alloys and the Gd content in steel. It is widely recognized that the uniform
distribution of nano-sized dispersoids within the matrix, which serve as anchoring points
for dislocations and repositories for irradiation-induced defects, can notably enhance both
the elevated mechanical properties and radiation resistance of alloys [18]. Consequently,
the simultaneous improvement of mechanical properties and thermal-neutron-shielding
performance of the alloy appears promising and was achieved through the uniform dis-
persion of Gd-based intermetallics in the matrix. Although the mechanical properties and
corrosion resistance decreased in all conditions due to the strong oxidizing nature of Gd,
which led to the formation of numerous Gd-based oxides, the results were still higher than
those of commercial borated steel. These outcomes suggest that steel alloys with 2 wt%
Gd show immense potential as thermal-neutron-absorbing or -shielding materials that
are capable of surpassing the constraints faced by current thermal-neutron-absorbing and
-shielding structural materials.

In recent years, rare earth elements have gained prominence in the realm of thermal
neutron absorption due to their substantial neutron absorption cross-section. Notably,
certain rare earth elements, exemplified by Gd, exhibit a notably higher thermal neutron
absorption cross-section compared with boron. Consequently, these elements have evolved
into pivotal constituents of shielding materials [32,33]. It becomes evident that an ideal
formulation for thermal-neutron-shielding materials should encompass a combination
of both base metals, such as Fe-based alloys and Al-based alloys, and heavy rare earth
elements. These rare earth particles possess a distinctive capability to absorb low-energy
neutrons and operate in concert to moderate higher-energy neutrons through inelastic
scattering [34].

Enhancing the efficient utilization of rare earth elements and optimizing the design
of shielding capabilities is imperative. This strategic approach serves as a foundational
cornerstone for advancing the overall performance of materials, encompassing attributes
like mechanical properties, functionalization, and heightened shielding efficacy. In this
study, we used Gd as a thermal-neutron-shielding and -absorbing material, but it is possible
to create materials with thermal-neutron-shielding ability using other rare earth metals
as well. We plan to conduct further research on this. Additionally, enhancing the efficient
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utilization of rare earth elements and optimizing the design of shielding capabilities is
imperative. This strategic approach serves as a foundational cornerstone for advancing
the overall performance of materials, encompassing attributes like lightweight properties,
functionalization, and heightened shielding efficacy.

4. Conclusions

In this study, Gd was added to commercial 304 and 316 austenitic and DSS 5A alloys to
confirm its potential as a next-generation neutron absorber. The experimental alloys were
manufactured using VAM, and 2 wt.% of Gd was added to 304, 316, and 5A commercial
alloys. After a solution heat treatment, the microstructure, mechanical properties, and
corrosion resistance were evaluated. The mechanical property evaluation results were
compared with the minimum physical property requirements for borated stainless steel
in ASTM standard A887. As a result of the microstructure observation, Gd was found
to be uniformly distributed in the alloy as intermetallics. There was no segregation or
clustering, and there were no coarse intermetallics. The Gd intermetallic peak was also not
observed via XRD analysis. The tensile test results show that the ultimate tensile strength
and yield strength increased by up to 11% after the addition of Gd. Although the elongation
decreased by up to 48%, a significantly higher elongation value was observed compared
with that of borated stainless steel. The Charpy impact test also showed a decrease in
impact energy by up to 56% after the addition of Gd, but the impact energy was twice
as high as that of borated stainless steel. As a result of analyzing the SEM fractographs,
it was confirmed that brittle fracturing occurred in some areas after the Gd was added.
Additionally, Gd intermetallics were present inside the dimple and showed a broken shape.
Potentiodynamic polarization tests of the experimental alloys were performed, and the
corrosion resistance deteriorated after Gd was added. The Rp values decreased by 69.01%,
74.41%, and 85.78% for 304, 316, and 5A, respectively, after Gd was added. The mechanical
properties of the experimental alloys were confirmed to be superior to those of borated
stainless steel and the neutron absorption capacity was also confirmed to be superior to
that of the additive element.
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