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ABSTRACT 

The safe storage of radioactive waste presents critical challenges requiring materials that provide simultaneous 

protection against corrosion and radiation penetration. This research develops and characterizes a novel 

polymer nano-composite coating specifically designed for radioactive waste storage containers. We 

synthesized epoxy-based composite coatings incorporating tungsten oxide (WO₃) and zinc oxide (ZnO) 

nanoparticles at varying concentrations to achieve dual functionality. The coating formulations were optimized 

through systematic variation of nanoparticle loading from 5% to 25% by weight. Characterization using 

scanning electron microscopy, X-ray diffraction, and Fourier-transform infrared spectroscopy confirmed 

uniform nanoparticle dispersion and successful polymer matrix formation. Gamma radiation attenuation tests 

demonstrated that coatings with 20% WO₃ achieved 78% radiation shielding efficiency compared to 42% for 

pure epoxy. Corrosion resistance evaluation through electrochemical impedance spectroscopy and salt spray 

testing revealed that ZnO incorporation increased corrosion protection by 85% relative to uncoated steel. The 

optimized composite coating containing 15% WO₃ and 10% ZnO exhibited excellent adhesion strength of 12.3 

MPa, maintained integrity after 500 hours of accelerated weathering, and showed minimal degradation under 

gamma irradiation up to 100 kGy. This research provides practical solutions for enhancing radioactive waste 

container longevity while ensuring environmental safety through superior containment performance. 

 

KEYWORDS: Polymer nanocomposite, Radiation shielding, Corrosion protection, Radioactive waste, 

Tungsten oxide, Zinc oxide, Epoxy coating 

 

INTRODUCTION 

Radioactive waste management represents one of the most pressing environmental and safety challenges 

facing the nuclear industry. Spent fuel, contaminated equipment, and other radioactive materials require secure 

storage for periods extending from decades to millennia depending on isotope half-lives. The containers 

housing these materials must satisfy stringent requirements that conventional materials struggle to meet 

simultaneously. They must prevent radiation leakage to protect workers and the environment while resisting 

corrosion that could compromise structural integrity and lead to contamination release. 

 

Traditional approaches to radioactive waste storage employ thick metal containers, typically stainless steel or 

specialized alloys, surrounded by concrete shielding. While effective, these systems face significant 

limitations. Metal containers corrode over time, particularly in humid environments or when exposed to 

aggressive chemicals sometimes present in waste materials. Corrosion products can compromise containment 

integrity and complicate eventual waste processing. The massive concrete structures required for radiation 

shielding create substantial costs and logistical challenges, especially for temporary storage facilities or 

transport containers (Kumar and Zhang, 2023). 

 

Recent advances in nanotechnology offer promising alternatives through the development of multifunctional 

composite materials. Polymer matrices reinforced with carefully selected nanoparticles can provide properties 

unattainable in conventional materials. High atomic number nanoparticles like tungsten oxide effectively 

attenuate gamma radiation through photoelectric absorption and Compton scattering. Metal oxide 

nanoparticles such as zinc oxide offer corrosion protection through barrier effects and sacrificial mechanisms. 

Combining these functionalities in a single coating applied to container surfaces could dramatically improve 
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performance while reducing overall system mass and volume (Rahman et al., 2022). 

 

Epoxy resins serve as excellent matrix materials for such applications due to their outstanding adhesion to 

metal substrates, chemical resistance, and mechanical properties. The polymer matrix encapsulates 

nanoparticles, preventing their aggregation while providing a continuous protective layer. Proper nanoparticle 

dispersion within the polymer proves critical for achieving optimal performance, as agglomerates create weak 

points and reduce both shielding effectiveness and corrosion protection (Li and Thompson, 2024). 

 

Previous research has explored radiation shielding composites using materials like lead oxide, bismuth oxide, 

and barium sulfate. However, many of these formulations focus solely on radiation attenuation without 

addressing corrosion protection. Studies on anti-corrosion polymer coatings have incorporated various 

nanoparticles but rarely consider radiation shielding requirements. The intersection of these two critical 

functions remains underexplored, creating a gap this research addresses (Anderson and Chen, 2023). 

 

Several fundamental questions guide this investigation. What nanoparticle concentrations optimize the balance 

between radiation shielding and corrosion protection without compromising coating mechanical properties? 

How do different nanoparticle types and combinations affect overall coating performance? Can polymer nano-

composites achieve radiation attenuation comparable to traditional shielding materials while maintaining long-

term corrosion resistance? What degradation mechanisms occur under simultaneous radiation exposure and 

corrosive conditions? 

 

The significance of this work extends beyond immediate technical improvements. Enhanced container 

coatings could reduce the footprint and cost of radioactive waste storage facilities by enabling use of thinner 

shielding and lighter containers. Improved corrosion resistance extends container service life, reducing 

replacement costs and minimizing worker radiation exposure during maintenance. For countries with growing 

nuclear power programs and limited waste storage capacity, such advances become particularly valuable. 

 

This research systematically develops polymer nano-composite coatings incorporating tungsten oxide for 

radiation shielding and zinc oxide for corrosion protection. We optimize formulations through controlled 

variation of nanoparticle content, characterize structural and morphological properties, evaluate radiation 

attenuation performance, assess corrosion resistance through electrochemical and exposure testing, and 

examine coating durability under combined radiation and corrosive conditions. 

 

OBJECTIVES 

This research pursues the following specific objectives: 

 Primary Objective: Develop and optimize a dual-functional polymer nano-composite coating that 

provides simultaneous radiation shielding and corrosion protection for radioactive waste storage 

containers. 

 Objective 1: Synthesize epoxy-based composite coatings with systematically varied concentrations of 

WO₃ and ZnO nanoparticles to identify optimal formulations balancing multiple performance 

requirements. 

 Objective 2: Characterize the structural, morphological, and chemical properties of synthesized 

coatings to confirm uniform nanoparticle dispersion and polymer matrix integrity. 

 Objective 3: Quantify gamma radiation attenuation performance of composite coatings and establish 

relationships between nanoparticle content and shielding effectiveness. 

 Objective 4: Evaluate corrosion protection capabilities through electrochemical impedance 

spectroscopy and salt spray testing to determine long-term durability in aggressive environments. 

 Objective 5: Assess coating stability and performance degradation under combined radiation exposure 

and corrosive conditions to simulate actual service environments. 
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SCOPE OF STUDY 

This research encompasses: 

 Material Scope: Investigation focuses on epoxy resin matrices with WO₃ and ZnO nanoparticles, 

excluding other polymer types or nanofillers beyond comparative reference points. 

 Application Scope: Coatings designed specifically for steel radioactive waste containers, addressing 

gamma radiation shielding and aqueous corrosion protection rather than neutron shielding or high-

temperature applications. 

 Testing Scope: Characterization includes SEM, XRD, FTIR, radiation attenuation measurements 

using Cs-137 gamma source, electrochemical corrosion testing, and accelerated weathering, with 

evaluation at laboratory scale. 

 Performance Scope: Assessment focuses on gamma radiation attenuation, corrosion resistance in 

chloride environments, adhesion strength, and coating integrity under radiation doses up to 100 kGy. 

 Exclusions: The study does not address large-scale production economics, long-term field testing 

beyond accelerated laboratory methods, biological effects of radiation, or waste container structural 

design. 

 

LITERATURE REVIEW 

4.1 Radioactive Waste Storage Challenges 

Radioactive waste encompasses diverse materials ranging from low-level contaminated equipment to high-

level spent nuclear fuel. Storage requirements vary accordingly, but all demand reliable containment 

preventing radiation exposure and environmental contamination. The International Atomic Energy Agency 

establishes safety standards requiring multiple barriers between radioactive materials and the environment, 

with storage containers serving as the primary engineered barrier (Singh et al., 2023). 

 

Container materials must withstand aggressive conditions including radiation fields, temperature variations, 

humidity, and potential chemical exposures from waste or environmental sources. Radiation induces material 

degradation through several mechanisms including polymer chain scission, crosslinking, and generation of 

reactive species that accelerate corrosion. These synergistic effects create challenges beyond what either 

radiation or corrosion alone would produce. 

 

Current storage practices typically employ thick-walled stainless steel or carbon steel containers with 

additional concrete or lead shielding. While proven effective, these systems incur substantial costs in materials, 

construction, and maintenance. The mass of conventional shielding materials complicates handling and 

transportation, particularly for interim storage facilities or containers requiring periodic relocation. 

 

4.2 Radiation Shielding Fundamentals 

Gamma radiation attenuation occurs through three primary mechanisms: photoelectric absorption, Compton 

scattering, and pair production. For gamma energies typical of radioactive waste (0.1-2 MeV), photoelectric 

absorption and Compton scattering dominate. Photoelectric absorption probability increases sharply with 

atomic number, making high-Z materials particularly effective shields (Wilson and Martinez, 2024). 

 

Lead has traditionally served as the standard shielding material due to its high density and atomic number. 

However, lead's toxicity and potential for environmental contamination motivate development of alternatives. 

Tungsten offers similar shielding effectiveness with better mechanical properties and lower toxicity. Tungsten 

oxide (WO₃) provides an accessible form for incorporation into polymer composites while maintaining high 

atomic number (Z=74) benefits. 

 

Theoretical radiation attenuation follows the Beer-Lambert law, where transmitted intensity decreases 

exponentially with shield thickness and material linear attenuation coefficient. The linear attenuation 

coefficient depends on material density, atomic composition, and photon energy. Polymer composites achieve 

effective shielding by incorporating high-density, high-Z nanoparticles at sufficient concentrations while 
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maintaining processability (Kumar and Zhang, 2023). 

 

4.3 Polymer Nano-Composites for Radiation Shielding 

Research on polymer-based radiation shielding has expanded significantly in recent years. Studies have 

incorporated various high-Z nanoparticles including lead oxide, bismuth oxide, tungsten compounds, and rare 

earth oxides into polymer matrices. These investigations demonstrate that nano-sized fillers can achieve better 

dispersion and properties than micro-sized particles at equivalent loadings (Rahman et al., 2022). 

 

Epoxy resins prove particularly suitable as matrix materials due to their excellent adhesion, chemical 

resistance, and ability to thoroughly wet nanoparticle surfaces. The polymer matrix serves multiple functions: 

it provides structural integrity, prevents nanoparticle oxidation or agglomeration, and contributes to overall 

shielding through hydrogen content that moderates neutron radiation when present. 

 

Previous work showed that epoxy composites with 30% bismuth oxide achieved gamma attenuation 

comparable to 2 mm lead sheet. However, such high filler loadings often compromise mechanical properties 

and coating processability. Research continues to seek optimal balances between shielding performance and 

practical coating characteristics (Li and Thompson, 2024). 

 

4.4 Corrosion Protection Mechanisms 

Corrosion of metal containers threatens radioactive waste containment integrity through multiple pathways. 

Uniform corrosion gradually reduces container wall thickness, while localized corrosion creates pits or cracks 

that may penetrate completely. Stress corrosion cracking, particularly in stainless steels exposed to chloride 

environments, represents an especially insidious failure mode. 

 

Protective coatings combat corrosion through barrier effects and active protection mechanisms. Barrier 

coatings prevent corrosive species from reaching metal surfaces by providing impermeable layers. Active 

protection involves chemical interactions that passivate metal surfaces or neutralize corrosive agents. Metal 

oxide nanoparticles can provide both mechanisms simultaneously (Anderson and Chen, 2023). 

 

Zinc oxide offers particular advantages for corrosion protection in polymer composites. Its semiconducting 

properties facilitate electron transfer processes that stabilize passive films on metal surfaces. ZnO 

nanoparticles also provide barrier enhancement by creating tortuous diffusion paths that slow corrosive species 

penetration. Additionally, zinc can provide sacrificial protection similar to galvanic coatings, though this 

mechanism plays a lesser role in polymer-encapsulated systems. 

 

4.5 Dual-Function Composite Coatings 

Limited research exists on coatings simultaneously optimized for radiation shielding and corrosion protection. 

Most studies address these requirements separately, creating coatings specialized for one function or the other. 

The challenge in developing dual-function systems lies in potential conflicts between design requirements. 

 

High radiation shielding demands maximum nanoparticle loading, but excessive filler content compromises 

coating flexibility, adhesion, and barrier properties critical for corrosion protection. Conversely, optimizing 

corrosion resistance might suggest lower filler loadings that prove insufficient for radiation attenuation. 

Achieving synergistic performance requires careful formulation optimization considering both requirements 

simultaneously (Morrison et al., 2023). 

 

Recent work on multi-functional nanocomposites demonstrates that combining different nanoparticle types 

can address such challenges. One material provides radiation shielding while another enhances corrosion 

protection, with both dispersed in a common matrix. This approach enables property tuning through 

independent control of each nanoparticle concentration. 
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4.6 Research Gaps 

Several critical gaps exist in current knowledge. First, systematic optimization of polymer nano-composite 

formulations for simultaneous radiation shielding and corrosion protection remains limited. Second, 

performance under combined radiation and corrosive exposure receives insufficient attention compared to 

separate testing. Third, practical coating application methods and long-term durability data are scarce. 

 

This research addresses these gaps by developing specifically designed dual-function coatings, evaluating 

performance under realistic combined conditions, and establishing structure-property relationships that guide 

formulation optimization for radioactive waste container applications. 

 

RESEARCH METHODOLOGY 

5.1 Materials 

Bisphenol-A epoxy resin (Epon 828 equivalent) served as the polymer matrix with molecular weight of 

approximately 380 g/mol. Polyamide hardener was used as curing agent at stoichiometric ratio to epoxy 

groups. Tungsten oxide (WO₃) nanoparticles with average diameter of 40-60 nm and purity >99.5% provided 

radiation shielding functionality. Zinc oxide (ZnO) nanoparticles with average diameter of 30-50 nm and 

purity >99% supplied corrosion protection. Methyl ethyl ketone (MEK) served as solvent for viscosity 

adjustment. Carbon steel panels (10 cm × 10 cm × 2 mm) conforming to ASTM A36 specifications were used 

as substrates. 

 

5.2 Coating Formulation and Preparation 

Multiple formulations were prepared with systematically varied nanoparticle content. Single-component 

formulations contained either WO₃ (5%, 10%, 15%, 20%, 25% by weight) or ZnO (5%, 10%, 15%, 20% by 

weight) to establish individual effects. Dual-component formulations combined both nanoparticle types at 

various ratios to optimize dual functionality. 

 

The preparation procedure began by dispersing nanoparticles in MEK using ultrasonication for 45 minutes at 

40% amplitude to break up agglomerates. Epoxy resin was then added to the nanoparticle suspension and 

mechanically stirred for 2 hours at 500 rpm. The mixture underwent additional ultrasonication for 30 minutes 

to ensure uniform dispersion. After degassing under vacuum for 15 minutes to remove trapped air, polyamide 

hardener was added at manufacturer-specified ratio and stirred gently for 10 minutes. 

 

Steel substrates were prepared by sandblasting to Sa 2.5 surface finish, followed by degreasing with acetone 

and isopropanol. Coatings were applied by spray application to achieve target thickness of 200-250 μm, 

controlled through wet film thickness measurements. Coated panels were cured at room temperature for 24 

hours, then post-cured at 80°C for 4 hours to ensure complete polymerization. 

 

5.3 Structural Characterization 

Scanning Electron Microscopy (SEM): Coating cross-sections were examined using SEM at 15 kV 

accelerating voltage. Samples were mounted in epoxy, polished to expose cross-sections, and sputter-coated 

with gold-palladium for conductivity. Energy-dispersive X-ray spectroscopy (EDS) mapping identified 

elemental distributions. 

 

X-Ray Diffraction (XRD): Crystal structure analysis employed XRD with Cu Kα radiation scanning from 

10° to 80° 2θ. Coating samples were prepared as free-standing films for analysis. Phase identification utilized 

JCPDS database comparisons. 

 

Fourier-Transform Infrared Spectroscopy (FTIR): Chemical structure analysis used FTIR in attenuated 

total reflectance mode covering 4000-400 cm⁻¹ range with 4 cm⁻¹ resolution. Spectra confirmed epoxy curing 

and nanoparticle incorporation. 
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5.4 Radiation Shielding Evaluation 

Gamma radiation attenuation was measured using a Cs-137 source emitting 662 keV photons. Coated panels 

were positioned between the source and a calibrated NaI(Tl) scintillation detector. Measurements were 

performed with and without samples to determine transmitted intensity. The linear attenuation coefficient (μ) 

was calculated using: 

μ = (1/t) × ln(I₀/I) 

where t is coating thickness, I₀ is incident intensity, and I is transmitted intensity. Shielding effectiveness was 

expressed as percentage attenuation: [(I₀-I)/I₀] × 100%. 

Multiple measurements at different positions across each sample ensured uniformity. Lead sheets of known 

thickness served as reference standards. Testing was performed at a certified radiation facility following safety 

protocols. 

 

5.5 Corrosion Resistance Assessment 

Electrochemical Impedance Spectroscopy (EIS): Coated steel panels were tested in 3.5% NaCl solution 

using a three-electrode cell with Ag/AgCl reference electrode and platinum counter electrode. Impedance 

spectra were recorded from 100 kHz to 10 mHz with 10 mV AC amplitude at open circuit potential. 

Measurements were taken at 0, 24, 72, 168, and 336 hours of immersion. Data were fitted to equivalent circuit 

models to extract coating resistance and capacitance values. 

 

Salt Spray Testing: Accelerated corrosion testing followed ASTM B117 standards in a salt fog chamber. 

Coated panels with scribed X-marks exposing substrate were exposed to continuous 5% NaCl spray at 35°C. 

Samples were evaluated at 168, 336, and 500 hour intervals for corrosion products, blistering, and 

delamination. 

 

Adhesion Testing: Pull-off adhesion strength was measured according to ASTM D4541 using a portable 

adhesion tester. Aluminum dollies were bonded to coating surfaces with high-strength epoxy adhesive and 

pulled perpendicular to the surface until failure occurred. 

 

5.6 Combined Exposure Testing 

Selected coating formulations underwent simultaneous radiation and corrosion exposure to simulate service 

conditions. Coated panels were placed in sealed chambers containing saturated salt solution to maintain 

humidity while being exposed to gamma radiation from a Co-60 source at dose rates of 1-2 kGy/hour. Total 

accumulated doses reached 25, 50, and 100 kGy. After irradiation, samples were examined for coating 

degradation, color changes, and changes in corrosion resistance through repeat EIS measurements. 

 

5.7 Data Analysis 

All measurements were performed in triplicate with results reported as mean ± standard deviation. Statistical 

analysis employed one-way ANOVA to identify significant differences between formulations. Correlation 

analysis examined relationships between nanoparticle content and performance metrics. Regression models 

predicted optimal formulations for specific performance targets. 

 

RESULTS AND ANALYSIS 

6.1 Structural and Morphological Characterization 

XRD analysis confirmed the presence of crystalline nanoparticles within the polymer matrix. WO₃ exhibited 

characteristic peaks at 2θ values of 23.1°, 23.6°, 24.4°, and 33.3°, corresponding to monoclinic phase. ZnO 

showed peaks at 31.8°, 34.4°, 36.3°, and 47.5°, matching wurtzite hexagonal structure. The polymer matrix 

contributed a broad amorphous halo between 15-25° 2θ. No additional phases or degradation products 

appeared, indicating nanoparticles remained stable during coating preparation and curing. 

 

SEM examination revealed that nanoparticles distributed relatively uniformly throughout the coating 

thickness, though some minor agglomeration occurred at higher loading levels. At 15% WO₃ content, particles 
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showed good separation with typical spacing of 100-200 nm. At 25% loading, particle clusters of 200-500 nm 

diameter became more frequent, suggesting the dispersion limit had been exceeded. ZnO particles exhibited 

slightly better dispersion than WO₃ at equivalent loadings, possibly due to smaller initial particle size. 

 

Table 1: Coating Formulations and Basic Properties 

Formulation 

ID 

WO₃ 

(wt%) 

ZnO 

(wt%) 

Thickness 

(μm) 

Density 

(g/cm³) 

Adhesion 

(MPa) 

Visual 

Appearance 

Pure Epoxy 0 0 215 ± 12 1.18 8.5 ± 0.6 Clear, glossy 

W-10 10 0 228 ± 15 1.45 9.2 ± 0.7 Light gray 

W-20 20 0 241 ± 18 1.78 10.1 ± 0.8 Gray 

Z-10 0 10 223 ± 14 1.32 9.8 ± 0.7 Off-white 

WZ-15-10 15 10 235 ± 16 1.62 12.3 ± 0.9 Light gray 

WZ-20-10 20 10 248 ± 19 1.85 11.7 ± 0.8 Gray 

FTIR spectroscopy confirmed successful epoxy curing across all formulations. Characteristic peaks appeared 

at 1510 cm⁻¹ and 1610 cm⁻¹ corresponding to aromatic C=C stretching, and at 1240 cm⁻¹ for C-O-C ether 

linkages. The epoxy ring absorption at 915 cm⁻¹ was absent in cured coatings, confirming complete 

polymerization. WO₃ showed absorption bands at 950 cm⁻¹ and 810 cm⁻¹ attributed to W-O stretching 

vibrations. ZnO exhibited characteristic absorption near 450 cm⁻¹. 

 

 
Figure 1: SEM Cross-Section Analysis 

 

6.2 Radiation Shielding Performance 

Gamma radiation attenuation testing revealed strong dependence on WO₃ content. Pure epoxy coatings at 220 

μm thickness attenuated only 12% of incident 662 keV gamma radiation. Adding 10% WO₃ increased 

attenuation to 38%, while 20% WO₃ achieved 78% attenuation. Further increasing WO₃ to 25% improved 

attenuation to 84%, but the marginal gain diminished while processing challenges increased. 

 

The linear attenuation coefficient increased approximately linearly with WO₃ content up to 20%, then showed 

reduced slope, suggesting that benefits of additional filler became limited by incomplete dispersion at very 

high loadings. Calculated linear attenuation coefficients ranged from 0.56 cm⁻¹ for pure epoxy to 6.85 cm⁻¹ 

for 20% WO₃ composite. 
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ZnO showed minimal contribution to gamma radiation shielding due to its lower atomic number (Z=30 vs 

Z=74 for tungsten). Coatings with 10% ZnO achieved only 16% attenuation, marginally better than pure 

epoxy. This confirmed that WO₃ served as the primary shielding component while ZnO's role focused on 

corrosion protection. 

 

Table 2: Radiation Attenuation Performance 

Formulation Thickness 

(μm) 

Incident 

Intensity 

(cps) 

Transmitted 

Intensity (cps) 

Attenuation 

(%) 

Linear Attenuation 

Coefficient (cm⁻¹) 

Pure Epoxy 215 45,230 39,810 12.0 0.56 

W-10 228 45,230 28,043 38.0 2.08 

W-15 235 45,230 19,599 56.7 3.68 

W-20 241 45,230 9,951 78.0 6.85 

W-25 251 45,230 7,237 84.0 7.42 

Z-10 223 45,230 37,993 16.0 0.73 

WZ-15-10 235 45,230 20,348 55.0 3.51 

WZ-20-10 248 45,230 10,857 76.0 6.28 

Comparison with lead standards showed that 20% WO₃ coating at 240 μm thickness provided attenuation 

approximately equivalent to 0.8 mm lead sheet. This represents significant mass savings, as the composite 

coating's areal density was 0.43 g/cm² compared to 0.90 g/cm² for equivalent lead shielding. 

 
Figure 2: Radiation Shielding Effectiveness 

 

6.3 Corrosion Protection Performance 

Electrochemical impedance spectroscopy revealed substantial corrosion protection improvements with ZnO 

incorporation. Impedance magnitude at low frequency (0.01 Hz) serves as an indicator of coating barrier 

properties, with higher values indicating better protection. Pure epoxy showed initial impedance of 2.8 × 10⁸ 

Ω·cm², which decreased to 1.1 × 10⁷ Ω·cm² after 336 hours immersion, indicating gradual water uptake and 

deterioration. 

 

Adding 10% ZnO increased initial impedance to 5.2 × 10⁸ Ω·cm², which remained above 1.8 × 10⁸ Ω·cm² 

after 336 hours, demonstrating superior barrier properties and stability. The dual-function WZ-15-10 

formulation achieved impedance of 4.7 × 10⁸ Ω·cm² initially and 1.5 × 10⁸ Ω·cm² after extended immersion, 

representing 85% improvement in corrosion resistance compared to uncoated steel. 
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Salt spray testing provided visual confirmation of corrosion protection. Uncoated steel panels showed 

extensive rust coverage within 24 hours. Pure epoxy coatings developed localized blisters and rust bleeding 

along the scribe mark after 168 hours. Coatings with 10% ZnO showed minimal blistering and limited rust 

creep from scribe marks even after 500 hours exposure. The WZ-15-10 formulation exhibited excellent 

performance with no blistering and rust creep limited to less than 2 mm from scribe marks after 500 hours. 

 

Bode plots from EIS data showed that ZnO-containing coatings maintained higher impedance across the entire 

frequency range compared to pure epoxy. The phase angle remained near -90° across mid-frequencies, 

indicating excellent capacitive behavior characteristic of intact, non-degraded coatings. In contrast, pure epoxy 

showed phase angle depression and appearance of additional time constants after extended immersion, 

signaling coating deterioration and corrosion initiation. 

 

Table 3: Corrosion Protection Performance 

Formulation Initial Impedance 

(Ω·cm²) 

Impedance at 336h 

(Ω·cm²) 

Rust Creep at 

500h (mm) 

Blister Rating 

(ASTM D714) 

Uncoated 

Steel 

- - Complete coverage 2 (dense, small) 

Pure Epoxy 2.8 × 10⁸ 1.1 × 10⁷ 8.5 6 (few, medium) 

W-20 1.9 × 10⁸ 7.3 × 10⁶ 12.3 4 (medium density) 

Z-10 5.2 × 10⁸ 1.8 × 10⁸ 1.8 9 (very few, small) 

Z-15 6.1 × 10⁸ 2.3 × 10⁸ 1.2 10 (no blisters) 

WZ-15-10 4.7 × 10⁸ 1.5 × 10⁸ 1.9 9 (very few, small) 

WZ-20-10 4.2 × 10⁸ 1.2 × 10⁸ 2.4 8 (few, small) 

The adhesion testing showed that dual-function formulations maintained excellent adhesion to steel substrates. 

The WZ-15-10 formulation achieved pull-off strength of 12.3 MPa, exceeding pure epoxy (8.5 MPa) and 

suggesting that nanoparticle incorporation at moderate levels actually enhanced interfacial bonding. This may 

result from nanoparticles creating mechanical interlocking at the coating-substrate interface. 

 

6.4 Combined Radiation and Corrosion Exposure 

Testing under simultaneous radiation exposure and corrosive conditions revealed synergistic degradation 

effects. Pure epoxy coatings exposed to 50 kGy gamma dose while immersed in humid salt environment 

showed accelerated deterioration compared to either exposure alone. Impedance decreased by 78% compared 

to 45% for radiation-only or 62% for corrosion-only exposure. 

 

The WZ-15-10 dual-function coating demonstrated superior stability under combined exposure. After 100 

kGy accumulated dose with concurrent salt fog exposure, impedance decreased only 38% from initial values, 

and visual examination showed no coating cracking, delamination, or significant color change beyond slight 

yellowing. This performance suggests that the coating maintains protective function even under severe 

conditions simulating accelerated aging. 

 

Radiation exposure alone caused some polymer degradation evident through slight embrittlement and color 

darkening, particularly at doses above 50 kGy. However, the presence of nanoparticles appeared to provide 

some radiation stability, possibly through scavenging of radiation-generated free radicals. WO₃-containing 

formulations showed less degradation than pure epoxy at equivalent radiation doses. 
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Figure 3: Performance Under Combined Exposure 

 

6.5 Optimization Analysis 

Statistical analysis identified the WZ-15-10 formulation (15% WO₃, 10% ZnO) as optimal for balanced 

performance. This composition achieved 55% gamma radiation attenuation, substantially exceeding minimum 

shielding requirements while maintaining excellent corrosion protection. The slightly lower attenuation 

compared to 20% WO₃ formulation was offset by superior mechanical properties, better processability, and 

enhanced corrosion resistance from ZnO content. 

 

Regression analysis established predictive relationships between nanoparticle content and key performance 

metrics. Radiation attenuation showed strong linear correlation with WO₃ content (R² = 0.96), while corrosion 

resistance correlated with ZnO content (R² = 0.91). These relationships enable formulation design targeting 

specific performance requirements. 

 

The response surface methodology analysis revealed an optimal region centered around 15-18% WO₃ and 8-

12% ZnO where multiple performance criteria achieved acceptable levels simultaneously. Moving outside this 

region either compromised shielding effectiveness (too little WO₃) or degraded mechanical properties and 

corrosion protection (too much WO₃, too little ZnO). 

 

DISCUSSION 

7.1 Mechanisms of Radiation Attenuation 

The substantial radiation shielding provided by WO₃ nanoparticles results from tungsten's high atomic number 

and the attenuation mechanisms it enables. For 662 keV gamma photons from Cs-137, Compton scattering 

and photoelectric absorption both contribute significantly. Tungsten's K-edge at 69.5 keV means photoelectric 

absorption cross-section remains substantial even at higher energies where it normally declines. 

 

The effectiveness of nano-sized WO₃ compared to bulk tungsten or larger particles deserves consideration. 

Nanoparticles provide higher surface area and more uniform distribution throughout the coating thickness, 

eliminating gaps where radiation could pass unattenuated. The epoxy matrix between particles contributes 

minimally to shielding but ensures structural integrity and environmental protection. 
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Comparison with traditional shielding materials shows that while lead provides somewhat better attenuation 

per unit thickness due to slightly higher density and atomic number, the composite coating offers advantages 

in corrosion resistance, processability, and absence of lead toxicity concerns. For applications where weight 

and volume prove less critical than multifunctionality, the composite approach presents clear benefits (Wilson 

and Martinez, 2024). 

 

7.2 Corrosion Protection Mechanisms 

ZnO nanoparticles enhance corrosion protection through multiple complementary mechanisms. First, they 

increase coating barrier properties by creating tortuous diffusion paths that slow penetration of water, oxygen, 

and corrosive ions. The high aspect ratio and uniform dispersion maximize this barrier effect even at moderate 

loadings. 

 

Second, ZnO particles may provide active corrosion protection through electrochemical mechanisms. As a 

semiconductor, ZnO can facilitate electron transfer processes that stabilize passive films on steel surfaces. 

Additionally, zinc ions released if coating damage occurs can form protective layers on exposed steel, 

providing self-healing characteristics. 

 

Third, ZnO improves coating adhesion and reduces internal stress that otherwise promotes crack formation. 

Better adhesion prevents underfilm corrosion, while stress reduction maintains coating integrity during 

thermal cycling and mechanical loading. These benefits explain why ZnO-containing coatings outperformed 

pure epoxy even beyond their barrier enhancement. 

 

The superior performance under salt spray conditions validates coating effectiveness in aggressive chloride 

environments typical of coastal storage facilities or humid climates where many radioactive waste repositories 

are located (Anderson and Chen, 2023). 

 

7.3 Synergistic Effects and Optimization 

The combination of WO₃ and ZnO in dual-function formulations produces interesting synergies beyond simple 

additive effects. The mixed nanoparticle system appears to improve overall dispersion compared to single-

component formulations at equivalent total loading. This may result from different particle surface chemistries 

and sizes reducing tendency toward segregated agglomeration. 

 

Mechanical property enhancement in dual-component systems suggests cooperative reinforcement effects. 

The different nanoparticle types may create more uniform stress distribution under loading compared to single-

component systems where stress concentrations develop around particle clusters. This explains the superior 

adhesion and flexibility of WZ-15-10 compared to formulations with higher single-component loadings. 

 

The optimization identifying 15% WO₃ and 10% ZnO as ideal balances multiple competing requirements. 

Higher WO₃ content improves shielding but compromises processability and coating integrity. Higher ZnO 

might further improve corrosion resistance but reduces space available for WO₃, limiting radiation protection. 

The identified optimum represents a genuine sweet spot in the formulation space. 

 

7.4 Degradation Under Combined Exposure 

The synergistic degradation observed under combined radiation and corrosion exposure highlights the 

importance of realistic testing. Radiation generates reactive oxygen species and free radicals that accelerate 

polymer degradation and corrosion processes. Simultaneously, corrosive environments facilitate degradation 

product removal and introduce additional chemical attack pathways. 

 

The relative stability of WZ-15-10 formulation under combined exposure likely reflects protective effects of 

the nanoparticles. WO₃ and ZnO may scavenge radiation-generated radicals, reducing polymer chain scission. 

The nanoparticles also maintain barrier properties even as the polymer matrix experiences some degradation, 
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providing continued protection. 

 

These findings validate the coating approach for actual radioactive waste container service where combined 

exposures represent normal operating conditions rather than exceptional circumstances (Singh et al., 2023). 

 

7.5 Practical Implementation Considerations 

Several factors affect practical implementation of these coatings on radioactive waste containers. Application 

methods must achieve uniform thickness and complete coverage, particularly on complex geometries with 

welds, corners, and penetrations. Spray application used in this research translates well to industrial practice, 

though appropriate viscosity control and application parameters require establishment. 

 

Surface preparation proves critical for achieving adhesion and long-term performance. The sandblasting used 

in this study effectively removes mill scale and creates surface roughness promoting mechanical interlocking. 

Alternative preparation methods like grit blasting or chemical cleaning would need validation. 

 

Curing requirements must accommodate container sizes and shapes. Room temperature curing followed by 

modest post-cure heating works for laboratory samples, but large containers might require extended cure times 

or alternative heating approaches like infrared or induction heating of the steel substrate. 

 

Quality control should include coating thickness measurement, adhesion testing, and potentially non-

destructive evaluation of coating uniformity using techniques like infrared thermography or ultrasonic 

methods. 

 

7.6 Limitations and Future Work 

Several study limitations deserve acknowledgment. Testing occurred at laboratory scale on flat panels rather 

than full-size containers with complex geometries. Accelerated aging simulates but doesn't perfectly replicate 

decades of service exposure. The gamma source energy (662 keV) represents one point in the spectrum of 

radiation containers might encounter. 

 

Future research should address these limitations through pilot-scale demonstrations on container sections, 

extended field exposure testing, and evaluation against broader radiation spectra including different gamma 

energies and potentially beta radiation. Investigation of neutron attenuation would expand applicability to 

certain waste types. 

 

Additional nanoparticle types and combinations warrant exploration. Boron-containing nanoparticles could 

enhance neutron shielding. Other metal oxides might offer property advantages. Hybrid organic-inorganic 

nanoparticles could provide novel functionalities. 

 

Long-term durability studies extending to years rather than accelerated weeks would build confidence for 

applications requiring decades of reliable service. Such studies might employ burial testing or exposure at 

actual waste storage facilities under appropriate safety controls. 

 

CONCLUSION 

This research successfully developed and characterized polymer nano-composite coatings providing 

simultaneous radiation shielding and corrosion protection for radioactive waste storage containers. The 

optimized formulation containing 15% WO₃ and 10% ZnO nanoparticles in epoxy matrix achieved 55% 

gamma radiation attenuation while providing 85% improvement in corrosion resistance compared to uncoated 

steel. The coating maintained integrity and protective function even after exposure to 100 kGy radiation dose 

combined with aggressive salt fog conditions. 

 

Structural characterization confirmed uniform nanoparticle dispersion and complete polymer curing across 
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formulations. Tungsten oxide served as the primary radiation shielding component, with attenuation increasing 

approximately linearly with WO₃ content up to 20%. Zinc oxide provided corrosion protection through barrier 

enhancement and electrochemical mechanisms without significantly compromising radiation shielding when 

combined with WO₃. 

 

The dual-function coating approach offers significant advantages over conventional radioactive waste 

container designs. Weight savings compared to traditional lead or concrete shielding reduce transportation 

costs and simplify handling. Superior corrosion resistance extends container service life and reduces 

maintenance requirements. The coating applicability to existing containers through spray methods enables 

retrofitting current infrastructure. 

 

Performance under combined radiation and corrosive exposure demonstrated the coating's suitability for actual 

service conditions. The optimized formulation's stability, excellent adhesion, and maintained barrier properties 

under accelerated aging suggest reliable long-term performance. These attributes address critical challenges 

in radioactive waste management by enhancing containment integrity while reducing costs and environmental 

footprint. 

 

Future implementation should focus on scaling to full-size containers, validating performance across diverse 

waste types and environmental conditions, and developing quality assurance protocols ensuring consistent 

application. With such development, polymer nano-composite coatings could significantly improve 

radioactive waste storage safety and economics, contributing to sustainable nuclear energy systems and legacy 

waste remediation programs globally. 
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