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Potassium-based geopolymers were synthesized with varying initial water content (7–10 mol %). Samples were initially cured under tight-lidded conditions at different temperatures (room temperature, 40 °C, and 60 °C) for the initial 24 h and then transitioned to ambient curing without lid. Analysis of the pore size distribution revealed that higher initial water content generally led to larger pores, while higher curing temperatures resulted in smaller pores. Vickers hardness measurements showed a dependence on both initial water content and curing temperature. The electron beam irradiation was processed up to 16 kGy by pulsed linear electron accelerator at Nagaoka University of Technology and up to 992 kGy by electron beam irradiation at the Takasaki Institute of Advanced Quantum Science. The Vickers hardness of a selected sample remained largely unchanged even after electron beam irradiation up to a high dose.
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1 INTRODUCTION
Cement is one of the candidates for immobilizing radioactive elements and has been used for a time (Rosseel et al., 2016; Kotatkova et al., 2017). However, the production of conventional Portland cement is associated with substantial carbon dioxide (CO2) emissions, contributing to global warming and air pollutants. Furthermore, after the Fukushima Daiichi nuclear accident in 2011, the hydrogen release was emphasized and required to be reduced as low as possible. Some studies have indicated that the radiolysis of pore water within cementitious matrices yields hydrogen gas (Le Caer et al., 2017; Acher et al., 2021). The hydrogen production, G(H2) value, was reported to be linearly proportional to the absorbed gamma-ray dose at ambient temperatures (Kontani et al., 2013). While the decomposition of chemically bound water under gamma irradiation may be limited to a few percent, it has been suggested that this could potentially lead to the degradation of the concrete matrix over extended periods (Khmurovska et al., 2021; Maruyama et al., 2016), raising concerns about the suitability of conventional concrete for long-term storage in decommissioning scenarios. Furthermore, cement is not suitable for immobilization of radioactive aluminum alloys because of hydrogen formation by an aluminum alloys because of hydrogen formation by an aluminum-alkaline solution reaction (Seki et al., 2022).
Geopolymers of aluminosilicate, with their unique properties, have demonstrated a wide range of applications, including in construction (Matsimbe et al., 2022; Das et al., 2024; Verma et al., 2022), water treatment (Elgarahy et al., 2023), especially in waste management (Houhou et al., 2025). In the nuclear industry, geopolymers have earned considerable attention for immobilizing and stabilizing radioactive waste, reducing the potential for radionuclide migration or dispersion into the environment (Mukiza et al., 2023; Kinoshita et al., 2022; Kuenzel et al., 2015; Li et al., 2022). It is also expected to immobilize radioactive aluminum by substituting part of aluminum silicate raw materials. Besides the superior properties compared to Portland cement such as compressive strength, durability, or carbon dioxide (CO2) emission, the low water absorption characteristic is one of the key points to make geopolymer has led to an increasing interest.
Different types of radiation have varying effects on the structure change of geopolymer. Lambertin et al. (2013) investigated the effect of gamma irradiation on metakaolin-based sodium geopolymers. The findings indicated a 10% increase in compressive strength after irradiation up to 1,000 kGy. The radiolytic yield of hydrogen (G(H2)) was reported to be between 0.090 × 10−7 and 0.113 × 10−7 mol.J−1, primarily influenced by the water content. Similarly, Rooses et al. (2013) did the studies on the effect of neutron irradiation on metakaolin-based potassium geopolymer, reporting the hydrogen radiolytic yield ranging from 0.36 × 10−7 to 0.44 × 10−7 mol.J−1, depending on the water content. Furthermore, the study suggested that the G(H2) values were comparable across different dose rates, implying a non-significant dose rate effect on this material.
Both gamma and neutron irradiation could be highly penetrating into materials, while electrons considerably have a shorter penetration range, resulting in effects that are predominantly near-surface. Electron radiation, particularly electron beam irradiation (E-beam), has the potential to modify the properties of geopolymers, possibly enhancing their mechanical strength and radiation shielding effectiveness. Conversely, it can also induce structural damage and material degradation, especially at elevated doses.
Despite these limitations, electron irradiation studies on geopolymers intended for low-level radioactive waste can be valuable for understanding surface degradation mechanisms. Furthermore, these studies could be pertinent for evaluating the effects of beta decay from specific radionuclides such as 60Co, 137Cs, 14C, Tritium, 36Cl, 63Ni, 90Sr and 94Nb that commonly found in low-level waste streams from decommissioning. A challenge in characterizing some of these beta emitters is their easy attenuation, making detection difficult in low-level waste streams. Moreover, even if the waste is considered low-level by its bulk activity, localized damage could be significant due to the concentration of a beta emitter. Therefore, when designing a durable geopolymer for radiation resistance, considering a worst-case scenario from beta damage is a crucial strategy.
Amin et al. (2024) recently presented the direct comparison of the effects of electron beam and gamma-ray irradiation on geopolymer pastes incorporating β-Ni(OH)2. The study examined the changes in compressive strength, surface morphology (using scanning electron microscope (SEM), and phase composition (using XRD and TGA/DTG) following irradiation at varying doses. The result indicated that both electron beam and gamma-ray irradiation led to positive impacts on the compressive strength at the specific dose levels. Mahrous et al. (2024) employed scanning electron microscopy equipped with a backscattered electron detector to analyze surface topographic changes in geopolymer samples post-irradiation, suggesting an analysis of electron interactions with the geopolymer surface.
Investigating the effects of electron irradiation on geopolymers is essential for understanding the surface degradation mechanisms relevant to low-level radioactive waste immobilization. This study, therefore, examines these effects specifically on a potassium-based geopolymer. In previous studies, potassium-based geopolymer with an Al:Si:K:H2O molar ratio of 1:2:0.8:8 has been successfully synthesized (Yang et al., 2021; Yang et al., 2022). The initial comparison between potassium-based and sodium-based geopolymer samples demonstrated that the potassium-based material was denser and exhibited higher compressive strength. This performance enhancement was directly attributed to the significantly lower viscosity of K2SiO3 compared to Na2SiO3 (Yang et al., 2022; Christophliemk et al., 2022; Lizcano et al., 2012). The reduced viscosity allowed for a lower H2O content in the potassium formulation, which minimized porosity, resulted in a denser matrix and reduced drying shrinkage.
Given that the absorbed dose from the radioactive waste is often highest during the early stages, this investigation focuses on the electron radiation resistance during the initial 7-day curing stage to elucidate the immediate effects of irradiation on the evolving geopolymer matrix. While a comprehensive evaluation of mechanical properties would ideally encompass tensile strength, compressive strength, and fracture toughness, this preliminary investigation centers on Vickers hardness. Analyzing the alterations in Vickers hardness of the geopolymers under irradiation and varying preparation conditions offers valuable initial insights into the material’s surface mechanical behavior and its correlation with porosity.
2 EXPERIMENT
2.1 Materials
The aluminosilicate precursors for making geopolymer samples consisted of EFACO silica and metakaolin powder. EFACO silica, purchased from Tomoe Engineering Co., Ltd., Japan, comprised primarily SiO2 (up to 94%) with a detailed compositional provided in Table 1. Metakaolin powder, acquired from Imerys-specialties in Japan under the brand name PoleStar450, underwent chemical composition analysis via X-ray fluorescence, with the results presented in Table 2. Based on the results, the molar ratio of Al2O3/SiO2 was determined to be approximately 46/51, assuming the presence of Al2O3・2∼3 SiO2 phases.
TABLE 1 | Chemical composition of EFACO silica powder.	Composition		Specification (wt. %)
	SiO2	% min.	94.0
	C	% max.	2.0
	Al2O3	% max.	1.0
	Fe2O3	% max.	1.0
	CaO	% max.	1.0
	MgO	% max.	1.0
	K2O	% max.	1.2
	Na2O	% max.	0.5
	H2O	% max.	1.0


TABLE 2 | Chemical composition of metakaolin powder.	Analysis items	Specification (wt. %)
	SiO2	51.19
	Al2O3	45.71
	Fe2O3	0.54
	TiO2	1.10
	CaO	0.20
	MgO	0.08
	K2O	0.14
	Na2O	0.18
	LOI	0.73
	P2O5	0.12


The alkaline activators employed were potassium hydroxide and potassium silicate solution. The potassium hydroxide (KOH) was manufactured by UNID.CO.LTD (CAS. No was 1310-58-3) and potassium silicate solution (50% concentration) was sourced from FUJIFILM Wako Pure Chemical Corporation.
2.2 Synthesis of geopolymer
Geopolymer samples were synthesized according to the following procedure: Initially, potassium silicate was mixed with potassium hydroxide powder and distilled water. The water content varied, resulting in four distinct sample groups with the molar ratio of Al: Si: K: H2O = 1:2.1:0.8:x, where x ranged from 7 to 10. In order to discuss the result, the samples were named as W7 to W10.
EFACO silica powder was introduced into the alkaline solution and mechanically stirred at 60 rpm for 1 min. Metakaolin powder was then added, and the mixture continued to stir for a total of 4 min at 60 rpm to ensure homogeneity. The resulting slurry was further homogenized by mixing at 80 rpm for 5 min before being cast into plastic molds.
To investigate the influence of early-stage curing conditions on the geopolymer network development and the uniformity of mechanical properties, samples were cured under tight-lidded conditions (with a tight lid) for 24 h (Curing 1) at three different temperatures: room temperature (RT), 40 °C, and 60 °C. The elevated temperatures (40 °C, and 60 °C) aimed to accelerate the geopolymerization process and promote the reduction of free water content within the matrix.
Following this initial curing phase, all samples were further cured at room temperature (RT) without a lid for an additional 6 days to release the water (Curing 2), totaling 7 days of curing. The detailed curing treatment conditions are summarized in Table 3. Throughout the curing process, the weight of the geopolymer samples was monitored to track water release. Pore size measurements were performed using the Hitachi TM3000 scanning electron minis cope (SEM).
TABLE 3 | The curing treatment processes.	Curing 1	Curing 2
	Temperature	Time	Treatment	Temperature	Time	Treatment
	RT	1 day	With tight lid	RT	6 days	Without lid
	40 °C
	60 °C


2.3 Electron irradiation
The potassium and metakaolin-based geopolymer samples were underwent low absorbed dose electron beam irradiation by using a pulsed linear electron accelerator (ETIGO-III) at the Nagaoka University of Technology, Nagaoka city, Japan (Tokuchi et al., 1998). The operating was at a peak voltage of 2 MeV, a current of 5 kA, and a pulse with of 100 ns. Each sample was sectioned into four pieces and subsequently affixed to a polymethyl methacrylate, as depicted in Figure 1. Each experimental group comprised four samples, each with a different initial water content. A film dosimeter reference was placed on top of each sample. Following the first irradiation shot, one group of samples along with the film dosimeter, was removed. Subsequently, after each subsequent shot (second, third, and fourth), another group of samples was removed. Consequently, the final group of samples received a total of four irradiation shots.
[image: Three-panel image showing geopolymers in an experimental setup. (a) Displays an acrylic holder with geopolymer samples taped at four corners. (b) Diagram illustrates the irradiation cell setup, featuring an acrylic holder and film dosimeters. (c) Shows the inside of an irradiation cell with samples mounted.]FIGURE 1 | (a) Samples on a polymethyl methacrylate plate, (b) target installation diagram, (c) samples in the ETIGO-III.To achieve higher absorbed doses, separate irradiation experiments were conducted up to 1,000 kGy (actual measured dose was 992 kGy) using a Cockcroft-Walton accelerator at the Takasaki Institute for Advanced Quantum Science in Takasaki city, Japan. The methodology for dose determination in this experiment was consistent with that employed in Nagaoka University of Technology study. The irradiation was directed onto the surface of the geopolymer samples to observe surface modifications following different irradiation exposures. Figure 2 illustrates the arrangement of samples within the accelerator. The Vicker hardness before and after irradiation were tested with the Mitutoyo HV-115, applying 1 kgf load for 15 s at 12 distinct points on each sample surface.
[image: (a) Industrial machinery featuring a complex network of pipes and metallic components within a dimly lit room. (b) Close-up of a metallic surface with a series of circular objects and wires arranged in a pattern, illuminated by overhead lights.]FIGURE 2 | (a) Electron irradiation by the Cockcroft Walton accelerator, (b) schematic illustrating the sample loading.3 RESULTS
Figure 3 illustrates the cumulative mass change of the geopolymer samples after a total period of 7 days (1 day in Curing 1 followed by 6 days in Curing 2). The data clearly demonstrates that the initial water content influenced the total mass loss across all sample groups. Specifically, the total mass loss was lowest for sample W7 and highest for sample W10. Focusing on the initial phase (Curing 1, 24 h), the mass loss in samples cured at elevated temperatures (40 °C and 60 °C) was lower than that of the samples cured at RT, although the difference was relatively small. After the 5-day period in Curing 2, no significant difference in total mass loss was observed across all sample groups sharing the same initial water content. The lower mass loss of W7 suggests that water is more effectively retained within the geopolymer matrix. Water retention implies tighter structural compactness, which may contribute to a higher volume of H2 gas production.
[image: Three graphs depict the relative mass percentage of samples over curing time in days at different temperatures: room temperature, forty degrees Celsius, and sixty degrees Celsius. Each graph compares four compositions: 1:2:0.8:7, 1:2:0.8:8, 1:2:0.8:9, and 1:2:0.8:10, represented by blue circles, purple triangles, orange diamonds, and green squares, respectively. All graphs show a downward trend, with the highest mass retention at room temperature and decreasing mass at higher temperatures.]FIGURE 3 | Relative mass change during 7 days curing.Figure 4 shows the pore size distribution of the samples under different synthesizing conditions. Generally, at a given curing temperature, a higher initial water content resulted in larger pore sizes. This is likely due to the increased amount of water trapped within the geopolymer matrix, which subsequently forms voids upon evaporation. Furthermore, comparing samples with the same initial water content but different Curing 1 temperatures, a slight influence of temperature on the pore size distribution was revealed (Figure 5). Analysis of this distribution indicated that higher Curing 1 temperatures led to a refinement of the pore structure, with the distribution shifting towards smaller pore sizes as the curing temperature increased from RT to 60 °C. This suggests that elevated temperatures promote a denser microstructure.
[image: Nine histograms display frequency distributions for different samples (W7 to W10) at room temperature, forty, and sixty degrees Celsius. Each plot shows a distribution curve with an average diameter (D) ranging from one hundred thirty-one to one hundred ninety-six micrometers, plus or minus twenty-five micrometers.]FIGURE 4 | Pore size distribution at different curing conditions.[image: Microscopic images showing samples W7 to W10 at three different temperatures: room temperature, forty degrees Celsius, and sixty degrees Celsius. Each image displays a variety of textures and structures with visible cracks and dispersed particles, indicating changes in material composition or condition across the different temperature settings. Scale bars indicate a magnification of one millimeter.]FIGURE 5 | SEM images of pores. Pore size slightly decreased as the temperature increased.Figure 6 illustrates the Vickers hardness of the geopolymer samples across all the synthesis conditions. The initial water content clearly influenced the Vickers hardness. For Curing 1 at RT, the sample W7 exhibited the highest Hv, while the sample W10 showed the lowest. However, the Hv values for W8, W9 samples were relatively similar and not so different to W10, suggesting that the RT curing provides a more stable or less sensitive hardness response to variations in higher water content within that range. In contrast, for Curing 1 temperatures of 40 °C and 60 °C, a much distinct trend was observed, the Hv decreased consistently with increasing the water content. Furthermore, when comparing samples with the same initial water content, the Hv tended to be highest for those cured at RT and lowest for those cured at 60 °C of Curing 1.
[image: Graph showing Vickers hardness versus temperature for four compositions. The y-axis is Vickers Hardness in megapascals, and the x-axis is temperature in degrees Celsius. Each composition has a distinct line style: blue dashed line with circles (ratio 1:2.1:0.8:7), purple solid line with triangles (ratio 1:2.1:0.8:8), orange dashed line with diamonds (ratio 1:2.1:0.8:9), and green dotted line with squares (ratio 1:2.1:0.8:10). Hardness decreases as temperature increases across all compositions.]FIGURE 6 | Effect of curing temperature on Vickers hardness.Although demonstrating comparable water retention across all Curing 1 conditions, the sample cured at RT resulted in a higher Vickers hardness, suggesting a more optimized structural matrix. Therefore, the RT-cured group was selected to investigate the effect of electron irradiation. Figure 7 illustrates the Vickers hardness of these samples after irradiation using the ETIGO-III accelerator. Consistent with the data presented in Figure 4 for RT curing, the sample W7 exhibited the highest Vickers hardness, while the Hv values for the W8, W9, and W10 samples were not significantly different. Notably, Figure 7 confirms that the Hv of all samples was not affected by electron irradiation up to an absorbed dose of 16 kGy. For the subsequent high-dose irradiation experiment, the optimization process focused on selecting the samples with considering two factors the mechanical stability and low defect potential. Sample W7 was eliminated from consideration due to the potential for H2 gas production stemming from high retained water (Figure 3). Similarly, samples W9 and W10 were excluded for their lower mechanical strength, which was suggested by having larger pore sizes (Figure 5). In contrast, the highest Vickers hardness was observed for sample W8 which was cured at RT (Figure 6), implying the denser structural condition was best suited for the investigation into the high-dose effects of electron irradiation. Subsequently, the absorbed dose was increased up to 992 kGy for the W8 sample. As shown in Figure 8, there was no significant change in Hv was observed, indicating remarkable stability of the surface hardness of this specific geopolymer composition under electron irradiation, at least up to these dose levels.
[image: Graph showing Vicker Hardness (Hv) in megapascals versus absorbed dose in kilograys. Four lines represent different ratios: circles (1:2:1:0.8:7), triangles (1:2:1:0.8:8), diamonds (1:2:1:0.8:9), squares (1:2:1:0.8:10). Hardness trends vary slightly with dose increase.]FIGURE 7 | Vickers hardness of samples after electron irradiation up to 16 kGy.[image: Graph showing Vicker Hardness in megapascals (MPa) against absorbed dose in kilograys (kGy). Purple triangles represent data points with error bars. Hardness fluctuates around 100 MPa with varying doses.]FIGURE 8 | Vickers hardness of the sample cured at RT for 1 day after irradiation up to 992 kGy.4 DISCUSSION
The observed influence of initial water content on the Vickers hardness aligns with existing literature on geopolymer mechanical properties. These observations suggest that the amount of initial water plays a significant role on the influence of development of mechanical strength. Lahoti et al. (Lahoti et al., 2017) have pointed out that the compressive strength decreased with the water/solid ratio. The sample of Lahti was cured at RT, giving similar results in this study. However, there were variations in compressive strength observed particularly with water/solids at 0.52 wt%, indicating that the compressive strength of alkali-activated geopolymers was not completely affected by the water/solid ratio. Similarly, in this study, the Hv was not complete affected by water content from 8 to 10 mol % (25–32 wt%) at RT. Our findings, showing a peak in hardness at a specific lower water content, likely reflect this balance between the necessity of water for the reaction and the detrimental effect of excessive water on the final density and strength.
The effect of Curing 1 temperature on the mechanical properties of geopolymer, particularly hardness, is complex. While some studies have shown that compressive strength can increase with higher curing temperatures or longer curing times (Rovnanik, 2010; Hardjito and Rangan, 2005), the decrease in hardness observed in this study might be related to the moisture conditions during curing. Although a tight lid was used to retain moisture, potentially preventing rapid drying and promoting a more complete reaction, it might have also contributed to the formation of a less cohesive matrix over time, thereby reducing hardness. Given that the curing time was fixed at 24 h in this study, further investigation into the interplay of curing temperature, initial water content, and moisture levels is necessary to definitively explain the observed decrease in hardness.
The effect of electron beam irradiation on the Vickers hardness of a potassium-based geopolymer (8% initial water content, cured at room temperature for Curing 1) was investigated up to an absorbed dose of 992 kGy. The results, however, appear contrary to some literature reporting that electron beam irradiation affects the compressive strength of geopolymers (Amin et al., 2024; Mahrous et al., 2024). The localized nature of E-beam effects, along with potential influences from factors such as cross-linking, chain scission, polymerization (Yang et al., 2021), and surface modifications by moisture (Ashfaq et al., 2020), may contribute to the observed stability. Given the limited existing research on the specific effects of electron beam irradiation on geopolymer hardness, these results highlight the potential resilience of potassium-based geopolymers to this type of radiation. Nevertheless, to draw more definitive conclusions and fully elucidate the underlying mechanisms for this stability, further comprehensive studies are warranted, encompassing a wider range of geopolymer compositions, irradiation parameters, and mechanical properties.
5 CONCLUSION
The effect of electron beam irradiation on the Vickers hardness of the potassium-based geopolymer with varying initial water content was investigated. The Vickers hardness showed no significant change when samples were irradiated up to 992 kGy dose, suggesting a stability of this geopolymer to electron irradiation under the tested conditions. The initial water added into the geopolymer was found to influence the Vickers hardness, with higher contents generally leading to lower hardness values. The curing temperature during the initial 24 h (Curing 1 with a tight lid) also affected the Vickers hardness, indicating its importance in the development of the geopolymer mechanical properties. These findings contribute to the growing understanding of how synthesis parameters impact the Vickers hardness of geopolymer and provide a preliminary indication of their stability under electron beam irradiation, warranting further investigation into the effects on other mechanical properties.
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