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Abstract: This paper provides a comparative evaluation of the mechanical properties, cor-
rosion resistance, and gamma-ray shielding performance of four different types of tungsten
carbide (WC)-NiCr coatings deposited on cold-rolled steel surfaces, which are used as
materials for low- and intermediate-level radioactive waste (LILW) storage containers. The
four types of coatings were classified as WC-85, WC-73, WC-66, and WC-39 according to
their WC content and were applied to the cold-rolled steel surfaces using the High-Velocity
Oxygen Fuel (HVOF) spraying process. The performance of the layered coatings was
analyzed in terms of their microstructure, hardness, wear resistance, adhesion strength,
corrosion properties, and gamma-ray shielding characteristics. Coatings with elevated
WC contents showed enhanced mechanical properties and gamma-ray shielding effec-
tiveness, whereas coatings with relatively lower WC contents and higher NiCr contents
exhibited greater corrosion resistance. This paper discusses the performance of WC-NiCr
coatings from the viewpoint of enhancing the durability and safety of commercial LILW
storage containers.

Keywords: HVOF; tungsten carbide coatings; mechanical properties; corrosion resistance;
gamma-ray shielding; radioactive waste storage container

1. Introduction

The safe management and disposal of radioactive waste is a critical challenge for
the sustainable development of the nuclear industry. LILWs are particularly significant
due to their large volume and the complexities involved in their treatment and disposal,
necessitating long-term storage and robust management. For the storage of such waste,
containers with enhanced durability and effective radiation shielding performance are
essential to minimize environmental and human health risks [1,2].

Conventional storage containers, predominantly 200 L or 320 L steel drums, are typi-
cally made of cold-rolled steel and designed for temporary storage in surface or near-surface
facilities before disposal. The specific performance requirements for these containers, such
as shielding efficiency and long-term durability, are determined based on the disposal strate-
gies of each country. However, such containers often face issues such as corrosion, wear,
and degradation over time. These problems are primarily caused by surface treatments
like painting, which initially provide protection but degrade over time due to mechanical
impacts during handling and environmental exposure, leading to delamination, crack-
ing, and compromised corrosion resistance [3-5]. Additionally, these containers typically
lack inherent shielding capabilities, making them unsuitable for the long-term storage of
radioactive waste.
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To address these challenges, extensive research has focused on coating-based technolo-
gies aimed at enhancing container durability. Polymer-based coatings have been explored
for their initial corrosion resistance and ease of application [6-9]. However, organic coat-
ings, such as polymers, suffer from significant degradation during long-term storage,
including thermal instability and chemical decomposition, ultimately compromising their
protective capabilities.

Ceramic-metal composite coatings have shown great potential as a durable solution
for storage containers. For instance, WC-Co coatings significantly improve wear resistance
and extend the lifespan of structural components [10-12]. Similarly, Cr3C,-NiCr coatings
exhibit enhanced tribological performance, particularly in abrasive environments [13,14].
Additionally, ceramic—metal composite coatings have been extensively studied for their
corrosion resistance. Cr-rich WC-based cermet coatings applied via HVOF have demon-
strated significant enhancements in oxidation and corrosion resistance, particularly on 316L
stainless steel under high-temperature conditions [15]. Furthermore, Cr has been shown
to improve the corrosion resistance of WC-Ni-based composites, while the incorporation
of Mo into these composites has further enhanced their performance in challenging envi-
ronments [16]. Cr3C,-NiCr coatings have also exhibited remarkable long-term corrosion
resistance in 3.5 wt.% NaCl solutions, particularly in the presence of sulfides, compared
to uncoated Q345 steel. This improvement was attributed to the formation of a dense
protective film and the accumulation of corrosion products on the coating surface after
70 days of immersion [17]. Ceramic—metal composite coatings are also widely applied in
industries such as power generation and aerospace, where they contribute to the dura-
bility and corrosion resistance of structural components under demanding operational
conditions [18-20].

Several application methods exist for ceramic—metal composites, with HVOF spraying
being widely recognized for its ability to produce coatings with strong bonding strength,
dense microstructures, and superior mechanical properties [20-23]. WC-based coatings,
frequently utilized in HVOF processes, are particularly notable for their exceptional hard-
ness and wear resistance, effectively minimizing surface damage and ensuring long-term
stability [24-27]. Furthermore, WC-based coatings containing tungsten are expected to
exhibit superior gamma-ray shielding performance, a critical requirement for radioactive
waste storage. Compared to conventional storage containers, which typically lack inherent
shielding capabilities, the high atomic number of tungsten significantly enhances the prob-
ability of photoelectric absorption, while its high density improves gamma-ray attenuation
through Compton scattering and pair production interactions [28]. These attributes suggest
that WC-based coatings could provide a substantial improvement in shielding performance
over traditional cold-rolled steel containers.

While these findings have been widely applied in various industries, their application
to radioactive waste storage containers remains unexplored. Therefore, this study focuses
on evaluating and comparing coatings with varying WC contents to identify suitable
materials for enhancing the durability and radiation shielding performance of storage
containers. The evaluation includes key mechanical properties such as adhesion strength,
hardness, and wear resistance, alongside corrosion resistance and gamma-ray shielding
performance. The results aim to provide a practical solution for the safe and long-term
management of radioactive waste.

2. Materials and Methods
2.1. Materials and Coating Procedure

An ASTM A1008 CS Type B cold-rolled steel plate (C—0.0026, P—0.0102, S—0.0045,
Mn—a0.092, Si—0.001, Fe—balance in wt.%) was used as the substrate material in this
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study. For coating deposition, an A1008 CS Type B plate was machined to dimensions of
100 mm X 100 mm x 1.2 mm. To examine the effect of WC content on coating performance,
four commercially available powders with varying WC contents were selected as coating
materials. The chemical compositions of these powders are listed in Table 1, and the
samples were labeled WC-85, WC-73, WC-66, and WC-39 according to their respective
WC content.

Table 1. The chemical composition and particle size of powder materials for HVOF coating.

Chemical Composition (wt.%) Particle
Sample : .
w C Ni Cr Co Size (um)
WC-85 79.2 54 10.2 52 - 15-45
WC-73 66.7 5.9 74 19.9 0.1 1646
WC-66 59.5 6.4 16.3 17.7 - 10-53
WC-39 35.3 3.6 18.1 43.0 - 16-45

The HVOF technique was chosen due to its capability to produce dense, high-bond-
strength coatings with minimal porosity, a characteristic essential for applications demand-
ing durability and enhanced corrosion resistance [22]. The particle size distribution of the
powders, ranging between 10 pm and 60 um, was determined and optimized by the manu-
facturer to minimize porosity and defects during the HVOF coating process. The specific
particle size ranges selected for each powder are detailed in Table 1. This optimized range
ensures optimal flowability and deposition characteristics for high-quality coatings [29].

The coatings used in this study were sourced from a manufacturer who optimized both
the powder compositions and HVOF process parameters to ensure high coating quality.
The specific parameters, as detailed in Table 2, were provided by the manufacturer as part
of the optimized process.

Table 2. Parameters for HVOF coating process.

Operation Process Parameter Value
Gun Type JK 3000
Spray Equipment Nozzle (Anode) (cm) 0.64 x 22.86
Suppl t Electrode (Cathode) N/A
upplements .
Type of Gas (Primary) Oxygen
Type of Gas (Secondary) Hydrogen
Powder Gas Type Argon
Carrier Gas (kPa) 1034 4+ 34
Powder Feed Carrier Gas (FMR) 9+1
owder reeder Feed Rate (g/min) 25+5
Feeder Hose to Gun, Inner Dia. (cm). 0.47
Feeder Hose to Gun, Length (m) 3~5
Pre-heat method 1 cycle of flame
Gun-to-Work Distance (cm) 22.86 £ 1.27
Coating Data Applicable Angle 90 + 5°
Gun Traverse Speed (mm/s) 5
Surface Speed (ft/min) (ref.) 188 + 18
Auxiliary Cooling Gas Pressure (kPa) 275 (Min.)
Cooling Substrate Auxiliary Cooling Gas Distance (cm) 7.6~17.8
Auxiliary Cooling Gas Angle 45° (Min.)

Prior to coating, the substrates were pre-cleaned in acetone for 5 min to remove surface
contaminants and then blast-cleaned with aluminum oxide abrasive media (particle size:
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250400 um) for an additional 5 min to improve coating adhesion. Each WC-containing
powder was deposited onto the substrates using JK3000 HVOF equipment. To achieve the
target coating thickness of approximately 250 um, the deposition was performed with an
average of 70 single passes (35 round trips) per sample, with minor variations depending on
the powder characteristics. To ensure uniformity, the same parameter set was consistently
applied across all samples.

2.2. Microstructural and Mechanical Characterization

After the coating process, the cross-section of each sample was observed and analyzed
using SEM (CLARA, TESCAN, Brno, Czech Republic) and EDS (Ultim Max, OXFORD,
Abingdon, UK) to characterize the microstructural features. To avoid damage to and the
distortion of the coating cross-section, the sample cross-sections were pretreated using an
ion beam milling system prior to SEM analysis.

The mechanical properties of the coating were evaluated through hardness, wear
resistance, and bonding strength tests. Vickers hardness tests (Wilson VH-3300, BUEHLER,
Lake Bluff, IL, USA) were conducted on the cross-section of each sample in accordance with
ASTM E384 [30]. Indentations were made with a load of 300 gf for 10 s, with measurements
performed five times per sample to ensure reproducibility. In addition, the distance between
indentations was maintained at 0.3 mm to minimize the effect of nearby indentations [31].

The wear properties of the coating samples were evaluated using the Taber abrasion
test in accordance with ASTM F1978 [32]. Previous studies on the effects of abrasive wheels
under a maximum load of 10 N have shown that the H-10 (dsy = 75 um, SiC, Al,O3-based
ceramic binder) and S-35 (sintered hard metal, 1626 £+ 35 HV30, inclined notches) wheels
do not produce sufficient wear in HVOF WC-based coatings. In contrast, the H-22 abrasive
wheel (dsp = 165 um, SiC, Al,O3-based ceramic binder) generates adequate wear, making it
suitable for evaluating the wear characteristics of high-hardness WC-based coatings [22,33].
Consequently, in this study, all tests were performed using the H-22 wheel to ensure
sufficient wear on the coating samples. The specimen for the Taber abrasion test was
machined into the shape shown in Figure 1a. Testing was conducted at room temperature
(25 °C) and a humidity level of 30-65% using the Taber abrasion tester (QM600T, QMESYS,
Uiwang-si, Republic of Korea) shown in Figure 1b, with an applied maximum load of 500 g
on the abrasive wheel. The coatings were tested for up to 30,000 cycles, after which the
thickness reduction in each sample was measured using a digital micrometer to compare
wear resistance.

(Unit: mm)
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Figure 1. Taber abrasion test specimen (a) and testing apparatus (b).
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The adhesion strength of the coating was evaluated using a universal tensile testing
machine in accordance with ASTM C633 [34]. Machined coupons were prepared, and
custom jigs were fabricated to secure the specimen in the saddle and holder, ensuring
compatibility with the testing machine, as shown in Figure 2. The specimens (diameter:
25.4 mm) were cleaned with ethanol to remove impurities from the coating and substrate
surfaces. FM-1000 adhesive was then used to bond the specimen to the jig, and the assembly
was cured in an oven at 180 °C for 5 h to enhance bonding strength. After curing, the
specimen was mounted vertically in the tensile testing machine with proper alignment in
the saddle and holder, and a small preload was applied to ensure stable positioning in the
grippers. Testing was conducted by applying a tensile load at a constant crosshead speed
of 0.0167 mm /s until failure, and the maximum load recorded at failure was noted as the
coating’s adhesion strength. To ensure reproducibility, the test was repeated five times
under identical conditions.

Adhesian test zig

FrA-1000 adhesive filim

- Coating material

Axial tensile stress

Coated raw material

Figure 2. Adhesion test specimen setup with adhesion test jig, FM-1000 adhesive, coating sample.

2.3. Electrochemical Corrosion Test

To perform the electrochemical test, the as-coated sample was machined into a circular
shape (diameter: 16.9 mm, thickness: 1.2 mm) as shown in Figure 3. The test solution used
in this study was an oxygen-saturated aqueous solution adjusted to pH 5.0 with sulfuric
acid. This solution was prepared to simulate the condensate that forms on the surface of
LILW storage containers under storage conditions, as well as the effects of acidic rain [35].

Specimen for electrochemical test

Coatinglayer

Substrate

Figure 3. Schematic for the preparation of specimens for electrochemical tests.

To evaluate the corrosion current density (icorr), potentiodynamic polarization tests
were conducted with a potentiostat (Reference 600, GAMRY, Louis Drive, Warminster, PA,
USA) and a three-electrode cell setup, as shown in Figure 4. A saturated calomel electrode
(SCE) and platinum wire served as the reference and counter electrodes, respectively. After
the open circuit potential (OCP) was stabilized, polarization scans for each specimen were
initiated either 10 mV below the OCP in the anodic direction or 10 mV above the OCP in the
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cathodic direction. The scan rate was set to 1 mV/s. The anodic and cathodic polarization
curves were then combined into a single graph [36]. The icorr for each coating sample were
calculated by using the Tafel extrapolation method, based on cathodic polarization curves.
In addition, the reproducibility of the polarization curve was verified by repeating the tests
with freshly prepared electrodes and test solutions.

Graphite Rod

Working Electrode Contact

Gas Bubbler Reference Flectrode

Cell Top

(lamp

Luggin Capillary
Reacting Flask

U \—— (lindrical
Metal Sample

(b)

Figure 4. Test apparatus for the electrochemical test: (a) Potentiostat and (b) three-electrode cell.

2.4. Gamma-Ray Shielding Test

To evaluate the gamma-ray shielding efficiency of the coatings, a Cs-137 gamma-ray
source was selected due to its stable, low-energy emissions and long half-life, making it
suitable for long-term shielding assessments. Testing was conducted under narrow-beam
conditions, as shown in Figure 5 [37].

?
Cs-137

— = A‘
o Diaphragm

Figure 5. Experiment setup of the narrow beam geometry for evaluating the gamma-ray shielding
performance of the coating.

The specimen was positioned such that the distance to the detector was at least ten
times the detector diameter to minimize scattering effects, with a minimum clearance of
700 mm from the walls or the floor. Initially, the gamma-ray intensity (Ip) was measured
without the specimen to establish a baseline reading. The specimen was then placed in the
beam path and aligned with the diaphragm, and the transmitted intensity (I) was measured.
Finally, the gamma-ray shielding efficiency was calculated using the following equation:

. . I
Shielding Efficiency(%) = 1 — T
where I represents the initial gamma-ray intensity, and I represents the intensity after
passing through the specimen. This calculation enabled a direct comparison of gamma-ray
shielding performance across coatings with varying WC contents.
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3. Results and Discussion
3.1. Microstructural Characteristics

The morphology of coatings was characterized using a scanning electron microscope
and an image analyzer. As shown in Table 3 and Figure 6, the coatings sprayed using the
HVOF method exhibited a low porosity of less than 1% and a high density, regardless
of the WC content in the coating materials. A typical microstructure generally observed
in HVOF coatings was noted [38,39], and the thickness was close to the target of 250 pm.
The microstructures of all coatings appeared to be non-uniform, with a mixture of white
spots and gray spots of various shapes and sizes (a few microns) observed. In addition, no
defects were observed at the interface between the coating and the substrate, indicating
that all coatings demonstrated good adhesion to the substrate.

Table 3. Porosity and thickness of coatings with varying WC content.

Sample Porosity (%) Average Thickness (um)
WC-85 <1 253
WC-73 <1 245
WC-66 <1 256
WC-39 <1 244
WC-73 WC-66 WC-39

Figure 6. Cross-sectional SEM images of coatings with varying WC content.

Figure 7 presents high-magnification SEM images and EDS point and mapping anal-
yses of the cross-sectional microstructure of the coatings, with detailed chemical compo-
sitions summarized in Table 4. Combining the results of EDS analysis with SEM image
observations, it is evident that the bright particles in each image correspond to WC parti-
cles, while the relatively dark areas indicate the NiCr binder. The WC particles within the
coating layer were distributed in proportion to the WC content, as confirmed by the EDS
analysis, with the NiCr binder forming a matrix surrounding the WC particles. The coating
layers of WC-85 and WC-73, primarily fabricated using 20 pm sized powder particles,
exhibited a uniform distribution of WC particles effectively embedded within the NiCr

binder matrix.
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Figure 7. High-magnification cross-sectional SEM images of coatings with varying WC contents.

Table 4. Chemical composition of WC-NiCr coatings obtained from SEM-EDS point analysis at the
locations indicated by red circles in Figure 7.

Chemical Composition (wt.%)

Sample EDS Point

\ 4 C Ni Cr
P-1 90.6 8.1 1.3 -
WC-85 P-2 89.3 8.3 2.0 0.4
P-3 34.5 1.8 499 13.8
P-1 89.0 94 0.9 0.7
WC-73 P-2 58.1 9.5 31.6 0.8
P-3 38.8 9.3 21.5 30.4
P-1 91.1 8.9 - -
WC-66 P-2 11.9 9.7 1.2 77.2
P-3 34 4.8 72.3 19.5
P-1 41.1 6.8 17.6 34.5
WC-39 P-2 35.7 7.6 94 47.3

pP-3 35.2 8.1 11.1 45.6
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In contrast, WC-66 showed relatively large WC particles, attributed to the use of a mixture
of powders smaller than 20 um and larger than 45 um. Cr-rich and Ni-rich phases were also
observed in certain areas, likely resulting from chemical interactions between the binder and
WC particles [40]. WC-39, having the lowest WC content, displayed a significantly reduced
WC particle density within the coating layer. This coating exhibited the highest Cr content
and lower Ni levels in the NiCr binder, reflecting the powder’s composition. The reduced
WC content in WC-39 is expected to result in comparatively lower wear resistance.

To investigate the effect of the HVOF process on changes in the chemical composition
of the coating, EDS mapping was performed over a wide area of the coating cross-section to
compare the chemical composition of the powder before spraying with that of the coating
after spraying. The results are shown in Figure 8, and changes in chemical composition
after the HVOF process are summarized in Table 5. For the four types of powders used
in this study, no significant changes in chemical composition were observed after HVOF
coating. When examining the representative elements, W, C, Ni, and Cr, there were slight
increases or decreases in the coating after the HVOF process. However, the overall chemical
composition did not differ greatly from that of the original powders.

CrLal,2

W M1 Criet2

Chemical composition (Wt.%) Chemical composition (Wt.%)
w C Ni Cr

78 6 12 4

w C Ni Cr
63 7 10 20

0™ C Ko, 2

Chemical composition (Wt.%)
w Cc Ni Cr
60 7 13 20

Chemical composition (Wt.%)
w C Ni Cr
36 5 23 37

T00um

(c)

Figure 8. EDS mapping results of coatings with varying WC content: (a) WC-85, (b) WC-73, (c) WC-66,
and (d) WC-39.

Table 5. Chemical composition change in coatings compared to starting powders (refer to Table 3).

Composition Change (wt. %)

Sample :

\ C Ni Cr
WC-85 —-1.2 +0.6 +1.8 —-1.2
WC-73 —-3.7 +1.1 +0.2 +0.1
WC-66 +0.5 +0.6 —-3.3 -2.3
WC-39 +0.7 +1.4 +4.9 —6.0

It should be noted that EDS is a semi-quantitative technique and provides only ap-
proximate values for chemical composition due to limitations in detecting light elements
and variations in sample preparation. Therefore, while the results presented in Table 4
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indicate trends in chemical composition changes, they should not be interpreted as absolute
values. Previous studies have reported that larger carbide particles are more likely to
rebound during the spraying process, leading to an increased metallic binder content in the
sprayed coating [19]. In this study, selecting an appropriate particle size suitable for HVOF
minimized changes in chemical composition due to the spraying process. This ensured
that the coatings retained compositions similar to the original powders, confirming the
suitability of the selected process parameters.

3.2. Mechanical Properties and Corrosion Resistance

To investigate the effect of WC content in coatings on mechanical properties, Vickers
hardness tests were conducted. Figure 9 shows the Vickers hardness indentation marks for
coatings with varying WC content, and the hardness measurement results are presented in
Figure 10. All coatings exhibited significantly higher hardness compared to the substrate
material of the storage container, which measured 113.2 HV0.3. The coatings showed
hardness values of 1091 HV0.3 for WC-85, 1083 HV0.3 for WC-73, 883 HV0.3 for WC-66,
and 878 HV0.3 for WC-39. Furthermore, the hardness tended to increase with higher WC
content in the coating. In general, WC possesses much higher hardness than the metal

matrix, so an increase in WC content can lead to an improvement in hardness [41].

Figure 9. Vickers hardness indentation marks on coatings with varying WC content (500 x magnifica-
tion): (a) substrate material, (b) WC-85, (c) WC-73, (d) WC-66, and (e) WC-39.

1400

1200 |

1000 f

800 ;
600 ;
400 ;
200 ;
N . . .

Substrate  WC-85 WC-73 WC-66 WC-39
material

Vickers hardness (HV 0.3)

Figure 10. Vickers hardness of coatings with varying WC content.

Figure 11 shows the thickness reduction after 30,000 cycles of the Taber wear test for
coatings with varying WC content and the substrate material. All coatings demonstrated
significantly superior wear resistance compared to the substrate material. The average
thickness reduction in the substrate was measured at 620 um, while the coatings exhibited
thickness reductions of 29 um for WC-85, 32 um for WC-73, 31 um for WC-66, and 65 um
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for WC-39. Wear resistance tended to improve with increasing WC content, indicating a
close relationship between hardness and wear resistance.

700

650

(]
o
o

550

Y

80

Thickness loss (um)

60

40
0 I I | |

Substrate  WC-85 WC-73 WC-66 WC-39
material

Figure 11. Comparison of relative wear resistance of coatings with varying WC content and the
substrate material.

In general, hardness is one of the key mechanical properties influencing wear behavior
and is widely used as a criterion for evaluating abrasive wear resistance [42]. Although
the abrasive wear resistance of most metals is known to increase linearly with hardness,
some materials do not show a consistent relationship between hardness and wear resis-
tance [43,44]. For thermal spray coatings, increased hardness has also been reported to
enhance wear resistance, primarily under dry wear conditions [45]. The coating materials
used in this study similarly suggest that increased hardness under dry wear conditions can
lead to improved wear resistance.

The adhesion strength measurements of the coatings with varying WC content are
shown in Figure 12. The coatings exhibited average adhesion strengths of 82.2 MPa for WC-
85, 65.2 MPa for WC-73, 77.4 MPa for WC-66, and 72 MPa for WC-39. Compared to other
coating processes, such as cold spray, air plasma spray, and flame spray, the HVOF process
is generally known for producing coatings with superior adhesion strength, typically in the
range of 70-90 MPa [46]. In this study, all coatings except for WC-73 achieved adhesion
strengths between 72 and 82 MPa, which can be considered excellent adhesion performance.

Electrochemical potentiodynamic polarization tests were performed at least twice for
each coating with varying WC contents, and representative results are shown in Figure 13.
For comparative purposes, the polarization curve of the substrate material is also presented
to evaluate the corrosion resistance improvement. The corrosion parameters calculated via
the Tafel extrapolation are summarized in Table 6.

Table 6. Electrochemical corrosion parameters of coatings with varying WC contents and the substrate
material obtained from the cathodic Tafel extrapolation.

Sample Ecorr (VscE) icorr (LA/cm?)
Substrate material —0.219 2.224
WC-85 —0.095 0.620
WC-73 —0.147 0.433
WC-66 —0.136 0.392

WC-39 —0.255 0.232
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Figure 12. Adhesion strength of coatings with varying WC content.
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Figure 13. Potentiodynamic polarization curves of coatings with varying WC contents and the
substrate material in the test solutions at 25 °C.

The WC-based coatings exhibited superior corrosion resistance compared to the
substrate material. For the substrate, the corrosion current density was approximately
2.224 puA/cm?, whereas significantly lower values were observed for the coatings:
0.620 pA/cm? for WC-85 (5.2 wt.% Cr), 0.433 pA/cm? for WC-73 (19.9 wt.% Cr),
0.392 uA/cm? for WC-66 (17.7 wt.% Cr), and 0.232 pA/cm? for WC-39 (43.0 wt.% Cr).
These results indicate that the HVOF-applied WC-based coatings markedly enhance the
corrosion resistance of the storage container substrate.

To determine the optimal Cr content for enhanced corrosion resistance, the corrosion
current density was analyzed as a function of Cr content in the coatings, as shown in
Figure 14. Chromium (Cr) is a well-established alloying element that improves corrosion
resistance across a wide pH range, except in highly acidic or highly alkaline environments.
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A Cr content of at least 10 wt.% is generally required to initiate passivation and significantly
reduce the corrosion rate, with higher levels providing additional protection [47,48].

3.0 60
[ —=— Corrosion current density

Ng 55 [ ~® Crcontent 150
< [ .
~ i L —
Z20Ff 140 X
2 E
g o
s | £
f— L K o
3 i o
(8] J

1.0 | 4120 =
2 [ :
o .
5 05} ~— 110
O ——

ool e ] I I ]

Substrate HWC85 HWC73 HWC66 HWC39
material

Figure 14. The relationship between Cr content in coating materials and corrosion current density.

As the Cr content in the coatings increased, corrosion current density decreased
significantly, with WC-39 (43.0 wt.% Cr) exhibiting nearly half the value observed for WC-
66 (17.7 wt.% Cr). These results suggest that while 17 wt.% Cr may offer adequate resistance
under typical storage conditions, higher Cr contents provide superior corrosion resistance.

It should be noted that this study was conducted under aqueous conditions, while the
actual storage environment is atmospheric. Atmospheric corrosion is highly dependent on
relative humidity, with corrosion rates significantly decreasing when humidity levels fall
below 60% [49-51]. Considering that typical LILW storage environments are maintained
in controlled atmospheric conditions with relative humidity below this threshold, the
WC-based coatings evaluated in this study are expected to exhibit even lower corrosion
rates in practical applications.

Given that LILW storage environments are typically atmospheric and not highly cor-
rosive, all coatings evaluated in this study are considered suitable for corrosion resistance.
However, the results clearly demonstrate that coatings with higher Cr contents, such as
WC-39, exhibit superior long-term durability and structural integrity under atmospheric
conditions. These findings confirm that tailoring Cr content in WC-based coatings not
only enhances corrosion resistance, but also ensures their effective application in scenarios
demanding prolonged safety and reliability. Such coatings offer a robust solution for the
safe management of radioactive waste, supporting the extended service life of storage
containers under typical atmospheric conditions.

3.3. Gamma-Ray Shielding Performance

To evaluate the effectiveness of the coatings in enhancing gamma-ray shielding, the
shielding efficiencies of an uncoated substrate and coatings with varying WC content
were measured, as shown in Figure 15. The results clearly demonstrated that all coatings
exhibited significantly higher shielding efficiency compared to the substrate alone. The
substrate material achieved a shielding efficiency of 6.65%, whereas the coatings achieved
9.57% for WC-85, 8.98% for WC-73, 8.83% for WC-66, and 8.78% for WC-39.

Notably, the shielding performance improved with increasing WC content in the
coatings. Tungsten (W), a primary component of WC, is well known for its effectiveness
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in gamma-ray shielding due to its high atomic number and density. As supported by
data presented in Table 7, materials with higher W contents tend to have lower half-value
layer (HVL) values, indicating superior shielding capability [28]. Therefore, the excellent
shielding performance of WC-85 can be attributed to its high W content, which enhances
its ability to attenuate gamma radiation.

12
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ol . ! 1 '

Substrate  WC-85 WC-73 WC-66 WC-39
material

-
o
L e

Shielding rate for Cs-137 (%)

Figure 15. Comparison of gamma-ray shielding efficiency between coatings with varying WC content
and the substrate material.

Table 7. Density and half value layer (HVL) of various metallic materials.

Element Density (g/cm3) HVL * for Co-60 (cm)
\ 19.30 0.8
Pb 11.34 1.2
Bi 9.80 1.4
Cu 8.96 19
Fe 7.86 22
Al 2.70 6.8

* The thickness of a material required to reduce the intensity of radiation by half (50%).

However, these results reflect not only the material properties of the coatings, but also
the added thickness contributed by the coating layer, as the coated samples are inherently
thicker than the uncoated substrate. To independently evaluate the intrinsic shielding
performance of the coatings, additional experiments were conducted using WC-85 coatings
with varying thicknesses while maintaining a fixed substrate thickness of 1.2 mm. WC-
85 was selected for these experiments due to its superior performance demonstrated in
Figure 15. This approach eliminates the confounding factor of thickness differences and
isolates the contribution of the coating itself.

As shown in Figure 16, cross-sectional SEM images were used to confirm the thickness
and uniformity of the WC-85 coatings. The total thickness, including the 1.2 mm substrate,
was measured as 1.45 mm, 1.55 mm, 1.65 mm, and 1.75 mm for coatings with nominal
thicknesses of 250 pm, 350 um, 450 um, and 550 um, respectively. The SEM images revealed
dense and defect-free coatings produced by the HVOF process, providing a reliable basis
for further evaluation of the coating’s shielding performance.
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Figure 16. Cross-sectional SEM images of WC-85 coatings with varying thicknesses: (a) 250 pm,
(b) 350 um, (c) 450 um, and (d) 550 um.

To directly compare the gamma-ray shielding efficiency of WC-85 coatings to that of
the uncoated substrate, shielding efficiencies were plotted as a function of total thickness, as
shown in Figure 17. Linear regression analysis demonstrated a strong linear relationship for
both the coated and uncoated samples, with R? values of 0.9952 and 0.9991, respectively. At
the same total thickness, the WC-85 coating consistently surpassed the uncoated substrate,
clearly demonstrating the superior shielding performance of the WC-based coating itself.
In addition, the gamma-ray shielding efficiency of the WC-85 coating increased more
significantly with total thickness compared to the uncoated substrate. This is evidenced
by the more significant slope of the linear regression for the WC-85-coated samples. The
higher slope indicates that as the thickness of the WC coating increases, and consequently,
the fraction of WC in the total thickness becomes greater, the shielding efficiency improves
at a faster rate. This behavior highlights the exceptional gamma-ray attenuation properties
of WC, further supporting its effectiveness as a shielding material. These results confirm
that the intrinsic material properties of WC-85 contribute significantly to its gamma-ray
shielding efficiency, independent of the added thickness.

In summary, the combined analysis of Figures 15-17 validates the effectiveness of WC-
based coatings in significantly enhancing gamma-ray shielding. By isolating the coating’s
contribution, it is evident that WC-85 offers superior shielding performance, making it an
ideal material for improving the safety and durability of storage containers for LILWs.
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Figure 17. Gamma-ray shielding efficiency for Cs-137 as a function of total thickness for WC-85-coated
and uncoated substrates.

4. Conclusions

To enhance the durability and performance of storage containers for LILWs, coatings
with varying WC contents were applied using the HVOF method and subjected to compre-
hensive property evaluations. The key findings from the analysis of mechanical properties,
corrosion resistance, and gamma-ray shielding performance are summarized as follows:

e  The coatings exhibited significantly higher hardness compared to the substrate mate-
rial, with hardness increasing proportionally to the WC content.

e Higher WC content in the coatings resulted in enhanced wear resistance, directly
attributed to the increased hardness.

e  Adhesion strength was consistent across all WC contents, with most coatings demonstrat-
ing excellent adhesive properties, exceeding approximately 70 MPa, except for WC-73.

e  Corrosion resistance improved with higher Cr content in the coatings. WC-39, with
the highest NiCr content, exhibited superior performance in this regard.

e Gamma-ray shielding performance was significantly enhanced with increased W
content due to its high atomic number. The WC-85 coating, which contained the
highest W content, demonstrated over a 40% improvement in shielding efficiency
compared to the uncoated substrate of the same thickness.

e Depending on the storage container’s operational environment and durability re-
quirements, the composition of NiCr and WC in coatings can be tailored to optimize
specific properties such as corrosion resistance, mechanical strength, or gamma-ray
shielding efficiency.

These results confirm that WC-based coatings applied via the HVOF method are
promising candidates for enhancing the durability and radiation shielding capabilities of

LILW storage containers.
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