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Abstract 24 

 25 

In the Fukushima Daiichi nuclear power station accident in March 2011, fuel debris was 26 

formed when fuel materials reacted with various structural materials in reactor core. Fuel 27 

debris retrieval is expected to start in 2021 for decommissioning of the damaged plants. To 28 

perform this activity safely, it is necessary to know the properties of the fuel debris. In this 29 

study, we investigated the reaction of UO2, stainless steel (SS) components, and ZrO2 at 30 

high temperature under oxidizing and reducing conditions, and determined the valence state 31 

of uranium in the products, such as CrUO4 and (Fex, Cr1−x)UO4, by X-ray absorption near 32 

edge structure (XANES) spectroscopy. Mixed powders of UO2 and SS, Fe, and/or Cr were 33 

heated in Ar + 2% O2 (oxidizing condition) or Ar + 10% H2 (reducing condition) at a flow 34 

rate of 20 mL/min for 2 h at 1473 or 1673 K. After heat treatment, the phase relation of the 35 

products was analyzed by powder X-ray diffraction and scanning electron microscopy with 36 

energy-dispersive X-ray spectroscopy. Under reducing conditions, UO2 did not react with 37 

SS, Fe, Cr, or ZrO2. In contrast, under oxidizing conditions, UO2 reacted with SS and Cr to 38 

form CrUO4 or (Fex, Cr1−x)UO4 at 1473 and 1673 K. When the UO2 and Fe mixture was 39 

heated under oxidizing conditions, the Fe2O3 phase coexisted with U3O8 at 1473 K, 40 

whereas FeUO4 formed at 1673 K. When the UO2, Fe, and Cr mixtures were heated at 1473 41 

K under the oxidizing condition, the molar ratio of Fe/Cr in the (Fex, Cr1−x)UO4 phase 42 

corresponded to the initial molar ratio in the sample. As the iron content of these samples 43 

increased, all three lattice parameters of (Fex, Cr1−x)UO4 approached those of FeUO4. 44 

XANES spectra revealed that the oxidation state of uranium in CrUO4 and (Fex, Cr1−x)UO4 45 
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is pentavalent. 46 

 47 

Keywords: Uranium oxide; Stainless steel; Iron; Chromium; XAFS; XANES; XRD; 48 
SEM/EDX; Fukushima Daiichi Nuclear Power Plant; Fuel debris 49 
 50 
High lights 51 
 UO2 reacted with chromium and SS at 1473 and 1673 K under oxidizing conditions, 52 

forming CrUO4 and (Fex, Cr1−x)UO4. 53 
 UO2 reacted with iron at 1673 K under oxidizing conditions, forming FeUO4. 54 
 Chromium promoted the formation of (Fex, Cr1−x)UO4 in the UO2–SS system. 55 
 When zirconium was coexisted with the UO2-SS, formation of (Fex, Cr1−x)UO4 was 56 

suppressed. 57 
 The oxidation state of uranium in CrUO4 and (Fex, Cr1−x)UO4 was pentavalent. 58 
 59 

1. Introduction 60 

 A severe accident occurred at Fukushima Daiichi nuclear power plant (NPP) in Japan, 61 

which is operated by the Tokyo Electric Power Company, in March 2011, in which the fuel 62 

reacted with the cladding material at high temperature, and the reactor core melted down. It 63 

was suggested that the nuclear fuel materials reacted with not only the fuel cladding but 64 

also core structural materials, the concrete pedestal, and sea salt introduced by emergency 65 

cooling using seawater. These components might be present in the fuel debris in the 66 

pressure vessel and/or on the concrete pedestal [1].  67 

 The pressure vessel and containment vessel in a boiling water reactor are normally filled 68 

with nitrogen gas. In a loss-of-coolant accident, hydrogen generated by the reaction between 69 

the zircaloy cladding and H2O coolant at high temperature would create reducing conditions 70 
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around the fuel debris. Then, the hydrogen gas caused explosion in units 1, 3 and 4 of 71 

Fukushima Daiichi NPP. After that, in units 1 and 2, concentration of oxygen in containment 72 

vessel has not changed approximately 0%, on the other hand, in unit 3, it was reported as a 73 

plant condition report of July 2012 by TEPCO, that the O2 concentration of unit 3 was 74 

approximately 11% due to damage of the containment vessel [2]. Therefore, it is necessary 75 

to assess the reaction of fuel materials and core structural materials, the concrete pedestal, 76 

and sea salt at high temperature under both reducing and oxidizing conditions. For 77 

understanding the characteristics of fuel debris generated in Fukushima Daiichi NPP, the 78 

knowledge from studying the core samples from Three Mile Island Unit-2 (TMI-2, 79 

pressurized water reactor [PWR]) is important [3-6]. However, there are the differences in 80 

reactor type and in the circumstances during melting cores. Since the debris sampling from 81 

1F is still under consideration, several types of simulated fuel debris were synthesized and 82 

used for laboratory studies [7, 8]. The interaction between corium and structural materials in 83 

oxidizing conditions was also investigated [9-11]. We have reported the phase relation 84 

between UO2 and ZrO2 at 1473 K resulted in the formation of a solid solution of U(Zr)O2 by 85 

phase analysis [12]. Kitagaki et al. investigated thermodynamic evaluation on fuel debris in 86 

the UO2–ZrO2 system and the molten core concrete interaction [13]. Furthermore, the 87 

leaching of fission products (FPs) and actinides into seawater has been performed using UO2–88 

ZrO2 debris synthesized by heat treatment at 1473 K. Here, FPs and actinides in the UO2–89 

ZrO2 were produced by neutron irradiation of a solid solution of U(Zr)O2 [14, 15]. On the 90 

other hand, the leaching tests for actinide elements were conducted by doping a U(Zr)O2 91 

solid solution with Np, Am, and Pu tracers; our previous study revealed only very limited 92 
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leaching of the actinide tracers into seawater and the reducing effect of the leached actinides 93 

by Zr(IV) dissolution in the UO2 crystal structure [16, 17]. Stainless steel (SS) was used as a 94 

core structural material and would have reacted with most of the solidified fuel material. We 95 

have reported that UO2 reacted with SS and formed (Fex, Cr1−x)UO4 at 1473 K under 96 

oxidizing conditions [18]. On the other hand, metal monouranates, MUO4, have been 97 

interested due to their importance in actinide chemistry and nuclear technology. So the 98 

characteristics of these compound are frequently reported [19-29]. For example, the reaction 99 

behavior of UO2 and metals, and the properties of the reactants, such as CrUO4, FeUO4, and 100 

MgUO4, have been studied recently [29]. In this previous study, oxidation states of uranium 101 

in FeUO4 or CrUO4 was confirmed pentavalent. Petrrov et al. reported that in the U-Fe-O 102 

system and U-Zr-Fe-O system, samples melted with quenching in air. Then, FeUO4, UO2, 103 

U3O8, Fe2O3 and Fe3O4 phases were observed in the both systems [35, 39]. Furthermore, 104 

thermodynamic measurement and characterization of UFeO4 were reported [36]. D. Labroche 105 

et al. indicted that the formation enthalpy of FeUO4 was -25.2 ± 0.6 kJ/mol at 298.15 K, and 106 

the enthalpy increased with temperature. In addition, the CrUO4 phase was insoluble in hot 107 

50% HNO3, then it is important to obtain the forming condition for planning chemical 108 

treatment after retrieval fuel debris. [31]. However, the reactions of UO2 and alloys such as 109 

SS and forming condition of (Fex, Cr1−x)UO4 were not clear. Following the earlier study [18], 110 

it is necessary to know the phase relation among UO2, Fe, and Cr at high temperature to 111 

understand the reaction mechanism between UO2 fuel and SS. Furthermore, the phase 112 

relation among UO2, SS, and ZrO2 was also studied as a realistic system for the fuel debris 113 

of Fukushima NPP. Because Zr is a major component of fuel cladding, UO2, SS, and Zr 114 
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should interact in the damaged reactors. The purpose of this paper is to investigate the 115 

reactions between UO2, Fe, Cr, SS, and ZrO2. The compounds prepared were analyzed by X-116 

ray powder diffraction spectroscopy (XRD) and scanning electron microscopy- Energy 117 

Dispersive X-ray Spectroscopy (SEM-EDX). Oxidation state of uranium in (Fex, Cr1−x)UO4 118 

was confirmed based on X-ray absorption near edge structure (XANES) of U LIII edge. 119 

 120 

2. Experimental 121 

 122 

2.1. Materials 123 

 124 

 UO2 was prepared by H2 reduction of U3O8 at 1273 K. The formation of UO2 was 125 

confirmed by an X-ray diffraction (XRD) measurement. Iron powder (the content of the 126 

main component was 99.95%, <60 mesh) and chromium powder (the content of the main 127 

component was 99.5%, <100 mesh) were purchased from Nilaco Corporation and Sigma-128 

Aldrich, respectively. Cr2O3 (the content of the main component was 99.9%) and ZrO2 (the 129 

content of the main component was 98.0%) were purchased from Mitsuwa Chemical 130 

Corporation and Wako Pure Chemicals Ind., Ltd. SUS304 SS composed of 68.77% iron, 131 

18.71% chromium, 11.09% nickel, and minor elements was purchased from Nilaco 132 

Corporation.  133 

 UO3 was synthesized by heating UO2(NO3)2ꞏ6H2O at 773 K with Ar + 2% O2 for 5 h. 134 

 135 
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2.2. Heat treatment 136 

 137 

2.2.1. UO2–Fe system 138 

 UO2 powder was mixed with Fe in a molar ratio of 1:1 and ground in an agate mortar. A 139 

quartz or alumina boat containing this mixture was placed in the center of a reaction tube 140 

made of quartz or alumina. After the reaction tube was evacuated, it was refilled with Ar + 141 

10% H2 or Ar + 2%O2, which were introduced to obtain reducing or oxidizing conditions, 142 

respectively. Then each sample was heated to 1473 or 1673 K at a heating rate of 17 K/min 143 

up to 1273 K and 7 K/min from 1273 to 1473 or 1673 K. The target temperature was 144 

maintained, and Ar + 10% H2 gas or Ar + 2% O2 gas was added at 1473 or 1673 K to 145 

obtain the reducing or oxidizing condition, respectively. After heat treatment, the samples 146 

were cooled at a cooling rate of 17 K/min to 873 K and furnace cooled to room 147 

temperature. After cooling, they were removed from the reaction tube for phase analysis. 148 

 149 

2.2.2. UO2–Cr system 150 

 UO2 powder was mixed with Cr powder in a molar ratio of 1:1 and ground in an agate 151 

mortar. Alternatively, U3O8 was mixed with Cr2O3 in a molar ratio of 2:3 and ground in an 152 

agate mortar. The UO2–Cr mixture was heated by the same procedure as that used for the 153 

UO2–Fe system. The U3O8–Cr2O3 mixture was also heated by almost the same process 154 

except that ultrapure Ar was used during heating at 1473 K for 2 h.  155 

 156 

2.2.3. UO2–Fe–Cr system 157 
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UO2 powder was mixed with Fe and Cr powders. The molar ratio of UO2/(Fe + Cr) was 158 

kept at 1, whereas the molar ratio of Fe/(Fe + Cr) was varied from 0.1 to 0.9. The molar 159 

ratio of SUS304, the SS used in this study, was approximately 0.79. The UO2–Fe–Cr 160 

mixtures were heated by the same procedure as that used for UO2–Fe system. 161 

 162 

2.2.4. UO2–Zr–SS system 163 

 UO2 was mixed with SS powder or SS and ZrO2 powders. The molar ratio of (UO2 + 164 

ZrO2)/ (Fe in SS) was maintained at 1. The molar ratio of UO2/ (UO2 + ZrO2) was 0.5 and 165 

1. The UO2–Fe–Cr mixtures were heated by same process as that used for the UO2–Fe 166 

system.  167 

 168 

Table 1 summarizes the composition of the initial samples and the heating conditions. 169 

[Table 1] 170 

 171 

2.3. Phase analysis 172 

 173 

 The XRD patterns of the products were measured using a Rigaku MiniFlex 600 174 

diffractometer with Cu Kα irradiation at 40 kV and 15 mA. The diffraction data were 175 

collected from 20° to 120° (2θ) with a step interval of 0.02° at a scan rate of 20°/min. The 176 

phase of the products was determined by matching the measured patterns with XRD 177 

patterns from the Inorganic Crystal Structure Database [32]. The lattice parameters of the 178 

compounds were calculated using PDXL2 (Rigaku). 179 

 The samples were examined by scanning electron microscopy (SEM, SU1510, Hitachi 180 



8 
 

Corp.) with energy-dispersive X-ray spectroscopy (EDX, EMAX EX-250, XACT, Horiba 181 

Corp.) to observe the microstructure and analyze the elemental composition. 182 

 The oxidation state of U in the products was determined by X-ray absorption near edge 183 

structure (XANES) spectroscopy. X-ray absorption fine structure (XAFS) spectra were 184 

collected at SPring-8 (Japan Synchrotron Radiation Research Institute, Hyogo, Japan) using 185 

BL01B1 beamline. UO2 and UO3 were used as standard tetravalent and hexavalent U 186 

materials, respectively. 187 

 188 

3. Results and discussion 189 

 190 

3.1. Temperature dependence of phase relation in the UO2–Fe system 191 

 192 

 Fig. 1 shows the XRD patterns of the UO2‒Fe (1:1) samples before and after heat 193 

treatment at 1473 and 1673 K for 2 h under the reducing and oxidizing conditions. No 194 

significant change was observed in the diffraction patterns obtained after heat treatment 195 

under the reducing condition at either temperature up to for 8h, indicating that UO2 did not 196 

react with Fe up to 1673 K under the reducing condition. When this sample was heated 197 

under the oxidizing condition, UO2 and Fe were oxidized to U3O8 and Fe2O3 at 1473 K; in 198 

contrast, UO2 and Fe were oxidized to U3O8, Fe3O4, and FeUO4 was formed at 1673 K. The 199 

result at 1673K almost agreed with the phase relation of samples that melted with 200 

quenching in the U-Fe-O system in air [35]. Then, these uranium and iron oxides reacted 201 

and formed the FeUO4 phase at 1673 K by the following reaction.  202 



9 
 

 Synthesis of FeUO4 has been reported in a previous study [29, 31, 36], in which attempts 203 

to synthesize FeUO4 by regular solid-state synthesis, coprecipitation, and hydrothermal 204 

methods did not success. Successful synthesis was finally obtained by heat treatment of 205 

stoichiometric mixtures of (UO3, FeO), (U3O8, Fe3O4), or (UO2, U3O8, and Fe2O3) in a 206 

vacuum-sealed quartz tube at 1223–1423 K for 2 weeks by the following reaction [29, 31, 207 

36]. 208 

 UO3 + FeO → FeUO4        (1) 209 

 U3O8 + Fe3O4 → FeUO4       (2) 210 

 U3O8 + UO2 Fe2O3 → FeUO4      (3) 211 

 This indicates that FeUO4 was formed from the mixture of uranium and iron oxides with 212 

different oxidation states to compensate their valence state each other by heat treatment. In 213 

the present study, at 1473K under oxidizing condition, U3O8 didn’t react with Fe2O3, on the 214 

other hand, at 1673K under oxidizing condition,U3O8 reacted with Fe3O4 and FeUO4 was 215 

formed by the reaction eq.(2). U3O8 and Fe3O4 phase remained because heating time was 216 

shorter than previous studies and/or it was different from temperature and open or closed 217 

system [29, 31, 36]. Fe3O4 is more stable than Fe2O3 above 1653K in air [33]. Then these 218 

results indicated that the reaction eq (2) could progress in the UO2-Fe system under 219 

oxidizing condition at the temperature range where U3O8 and Fe3O4 were stable. 220 

 221 

[Fig.1] 222 

 223 
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3.2 Temperature dependence of the phase relation in the UO2–Cr system 224 

 225 

In the UO2–Cr system, UO2 and Cr did not react under the reducing condition at 1473 or 226 

1673 K up to for 8h, as shown in Fig. 2a. Under the oxidizing condition, UO2 and Cr were 227 

oxidized to U3O8 and Cr2O3 at 1473 and 1673 K. Furthermore, the CrUO4 phase was 228 

observed at both 1473 and 1673 K, as shown in Fig. 2b. The CrUO4 phase was formed with 229 

heating time at 1473K, while U3O8 phase decreased. To confirm the formation reaction of 230 

CrUO4, U3O8 was mixed with Cr2O3 in a molar ratio of 2:3 and heated under an ultrapure 231 

Ar atmosphere at 1473 K for 2 h. After heat treatment, the peaks for CrUO4 was observed 232 

in the XRD pattern of the product. Some of the U3O8 was reduced to U4O9, and Cr2O3 233 

remained. This result suggested that CrUO4 was formed by the following reaction. 234 

 235 

 U3O8 + Cr2O3 → CrUO4 + O2    (2) 236 

 237 

It was confirmed that CrUO4 was formed in a wide temperature range in the UO2–Cr 238 

system under the oxidizing condition, as shown in Fig. 2b, whereas FeUO4 was formed 239 

only at 1673 K in the UO2–Fe system, as shown in Fig. 1b. The typical peak of CrUO4 is 240 

indicated by an arrow in Fig. 2b. The reaction between U3O8 and Cr2O3 occurs in the 241 

temperature region from 1128 to 1293K and CrUO4 phase was observed below 1873K [19, 242 

31]. These results agree well with published data. From the above discussion, it is 243 

concluded that the formation of CrUO4 is more favorable than that of FeUO4 because of the 244 

stability of trivalent chromium than that of trivalent iron.  245 
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 246 

[Fig. 2] 247 

 248 

3.3 Temperature dependence of phase relation in the UO2–SS and UO2–ZrO2–SS systems  249 

 250 

 In the UO2–SS system, uranium oxide and SS phases did not change under the reducing 251 

condition at 1473 and 1673 K up to for 8h, as observed in the UO2–Fe system. It was 252 

reported that they were dissolved in each other when UO2 and SS were in melted state, 253 

while these compounds were not reacted each other at temperature below UO2 melting 254 

point 3120 K [37, 38]. Under the oxidizing condition, UO2 and SS were oxidized to U3O8 255 

and (Fe, Cr)3O4 at 1473 and 1673 K. Furthermore, the (Fex, Cr1−x)UO4 phase was observed 256 

at both temperatures. Peaks for the (Fex, Cr1−x)UO4 phase was increased with increasing 257 

heating time at 1473K, while peaks for the U3O8 phase decreased. It was observed that Cr, 258 

which is the second most abundant component in the SS used in this study, promoted the 259 

formation of the (Fex, Cr1−x)UO4 phase, as it did in the UO2–Fe–Cr system. 260 

 In the UO2–ZrO2–SS system, the (Fex, Cr1−x)UO4 phase was also formed with heating 261 

time, however, the peak intensities of (Fex, Cr1−x)UO4 phase were lower than those in the 262 

UO2–SS system because some of the UO2 reacted with ZrO2 and formed a (U, Zr)O2 solid 263 

solution. The crystal structure of ZrO2 changes reversibly from monoclinic crystal structure 264 

at room temperature to tetragonal one at 1343 K [34]. After heat treatment, ZrO2 existed as 265 

the tetragonal phase at room temperature because the tetragonal ZrO2 phase was stabilized 266 

by the formation of a solid solution with UO2 at high temperature and the phase transition 267 
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from tetragonal to monoclinic did not occur during cooling. The result at 1673K were 268 

almost consistent with the phase relation of samples which melted with quenching cooling 269 

in the U-Zr-Fe-O system in air [39]. 270 

On the other hand, it was confirmed that CrUO4 and (Fe, Cr)UO4 were formed in a wide 271 

temperature range in the UO2–Cr and UO2–SS systems under the oxidizing condition, 272 

whereas little of the simple FeUO4 phase was formed in the UO2–Fe system. The results 273 

indicated that the presence of chromium promoted the formation of (Fex, Cr1−x)UO4 in the 274 

UO2–SS system. However, when zirconium was coexistent with the UO2-SS, formation of 275 

(Fex, Cr1−x)UO4 was suppressed by formation of the (U, Zr)O2 solid solution. 276 

 277 

[Fig. 3] 278 

 279 

3.4. Characterization of the (Fe, Cr)UO4 phase 280 

 It was confirmed that the (Fe, Cr)UO4 phase was formed at 1473 and 1673 K under the 281 

oxidizing condition in the UO2–SS system. To examine the (Fe, Cr)UO4 phase further, UO2 282 

was mixed with Fe and Cr and heated at 1473 K for up to 24 h under the oxidizing 283 

condition. In this case, (Fex, Cr1−x)UO4 (x = 0.25–0.9) was formed in the UO2–Fe–Cr 284 

system as well as in the UO2–SS system. Fig. 4 shows the lattice parameters of the (Fex, 285 

Cr1−x)UO4 obtained in the UO2–Fe–Cr system by heat treatment at 1473 K for 24 h, FeUO4 286 

obtained in the UO2–Fe system by heat treatment at 1673 K for 2 h, and CrUO4 obtained in 287 

the UO2–Cr system by heat treatment at 1473 K for 24 h. The lattice parameters of the (Fex, 288 

Cr1−x)UO4 phase obtained in the UO2–SS system are also shown in Fig. 4 for comparison. 289 
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The lattice parameters of FeUO4 and CrUO4 are close to the literature values. All the lattice 290 

parameters of (Fex, Cr1−x)UO4 in the UO2–Fe–Cr and UO2–SS systems are between those of 291 

CrUO4 and FeUO4. The lattice parameters (a, b, and c) of (Fex, Cr1−x)UO4 increase in 292 

proportion to the Fe/Cr ratio. This result suggests that the (Fex, Cr1−x)UO4 unit cell expands 293 

isotopically by random replacement of Fe atoms with Cr atoms. 294 

 295 

[Fig. 4] 296 

 297 

 Fig. 5 shows SEM and X-ray mapping images of the product after heat treatment at 1473 298 

K under the oxidizing condition in the UO2–SS system. The U and Fe distribution in the 299 

sample seem to be heterogeneous, on the other hand, the Cr seems to be homogeneous due 300 

to low content of Cr in the sample. The phases were classified into three types according to 301 

the U, Fe, and Cr distributions: a uranium oxide phase where U distributed position, a Cr 302 

oxide and Fe oxide phase where Fe, Cr, and O distributed same position, and a (Fe, Cr)UO4 303 

phase where U, Fe, and Cr distributed same position. In addition, Ni, which makes up 304 

11.09% of the SS used here, appeared in the Cr oxide and Fe oxide phases. 305 

This (Fe, Cr)UO4 phase was also observed in the UO2–Fe–Cr system. Then, the elemental 306 

composition of the (Fe, Cr)UO4 phase was analyzed by spot analysis. Fig. 6 shows the molar 307 

ratio of Fe/Cr in the (Fe, Cr)UO4 phase in the UO2-Fe-Cr system and UO2-SS system. These 308 

results indicate that the (Fex, Cr1−x)UO4 phase in the UO2–Fe–Cr and UO2–SS systems is 309 

consistent with the lattice parameters obtained by XRD analysis. The experimental results 310 

presented in this study revealed that chromium played an important role as a catalyst in 311 
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forming the (Fex, Cr1−x)UO4 phase in the UO2–Fe–Cr system. The following reactions are 312 

proposed as the mechanism for (Fex, Cr1−x)UO4 phase formation. 313 

 314 

U3O8 + Cr2O3 → CrUO4 + O2     (3) 315 

CrUO4 + O2 + Fe3O4 → (Fex, Cr1−x)UO4 + Cr2O3         (4) 316 

 317 

First, UO2 and Cr were oxidized to U3O8 and Cr2O3; then, the CrUO4 forming reaction 318 

proceeded, as shown in Eq. (3), at 1473 K. Next, the chromium ion in CrUO4 was replaced 319 

with the iron ion in Fe3O4, and (Fex, Cr1−x)UO4 and Cr2O3 were formed, as shown in Eq. (4). 320 

Therefore, Cr2O3 reacted continuously with U3O8 as long as they remained. As shown in 321 

Fig. 6, the molar ratios of Fe/Cr observed by EDX analysis of the (Fex, Cr1−x)UO4 phase in 322 

the synthesized samples were proportional to those in the starting materials; therefore, the 323 

coefficient x in Eq. (4) depends on the mixture ratio of Fe/Cr before heat treatment. Up to 324 

now, the reaction of fuel materials and core structural materials was often assessed in U-Fe-325 

O system or U-Zr-Fe-O system [9-11]. However, it is found that the phase relation of fuel 326 

materials and core structural materials were significantly affected by chromium under 327 

oxidizing conditions even if it is small amount. The existence of chromium must be 328 

considered when the fuel debris in unit 3 of Fukushima Daiichi NPP, where the O2 329 

concentration was high, is investigated. 330 

 331 

[Fig. 5] 332 

[Fig. 6] 333 
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 334 

 Fig. 7 shows the U LIII XANES spectra of standard uranium oxides, (Fex, Cr1−x)UO4 (x = 335 

0.25, 0.5, 0.75), and the CrUO4 samples. The U LIII spectra of UO2 and UO3 show 336 

absorption edge energies (E0) of 17162.424 and 17165.700 eV, respectively. These values 337 

are consistent with the U4+ and U6+ oxidation states. (Fex, Cr1−x)UO4 (x = 0.25, 0.5, 0.75) 338 

and CrUO4 show E0 values between those of UO2 and UO3. No significant change was 339 

observed in the U LIII XANES spectra at any molar ratio of Fe/Cr. The uranium oxidation 340 

states of CrUO4 and FeUO4 are reportedly pentavalent according to XANES spectroscopy 341 

[10]. In this study, the valence state of CrUO4 is in agreement with that in a previous study, 342 

and that of (Fex, Cr1−x)UO4 is found to be pentavalent regardless of the molar ratio of Fe/Cr. 343 

 344 

[Fig. 7] 345 

 346 

4. Conclusion 347 

In this study, UO2 did not react with SS, iron, or chromium under the reducing condition 348 

at 1473 and 1673 K. However, under the oxidizing condition, the UO2 and SS components 349 

were oxidized and reacted at 1473 and 1673 K. Some of the UO2 was oxidized to U3O8 at 350 

1473 and 1673 K under the oxidizing condition, whereas the rest of the UO2 reacted with 351 

chromium and SS at 1473 and 1673 K, forming CrUO4 and (Fex, Cr1−x)UO4. In addition, 352 

UO2 reacted with iron only at 1673 K, forming FeUO4. In the UO2–ZrO2–SS system, UO2 353 

reacted with ZrO2 and formed a (U, Zr)O2 solid solution, which prevented the formation of 354 

(Fe, Cr)UO4. In the ternary system UO2–Fe–Cr, (Fex, Cr1−x)UO4 was formed at 1473 K, and 355 
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proportional to that in the starting materials. XANES spectra indicated that the oxidation 356 

state of uranium in CrUO4 and (Fex, Cr1−x)UO4 was pentavalent. The results suggest that at 357 

the Fukushima Daiichi NPP, molten fuel could react with structural materials consisting of 358 

alloys containing chromium to form (Fex, Cr1−x)UO4 under the oxidizing condition at 1473 359 

K, below which it is known that the molten fuel could not react with iron. Note that 360 

zirconium suppresses (Fex, Cr1−x)UO4 formation. 361 
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Table 1. Compositions of the initial samples and heating conditions. 477 

Component 

Molar ratio Heating condition 

U/U

+Zr 

U+Zr/

Fe+Cr 

Fe/ 

Fe+Cr 
Atmosphere Log P(O2)

Temperature 

[K] 

Time 

[h] 

UO2-Fe 1 1 1 

Ar+10%H2 -13.7 
1473 2, 4, 8 

1673 2 

Ar+2%O2 -1.7 
1473 2, 4, 8 

1673 2 

UO2-Cr 1 1 0 

Ar+10%H2,  -13.7 
1473 2, 4, 8 

1673 2 

Ar+2%O2 -1.7 
1473 2, 4, 8 

1673 2 

U3O8-Cr2O3 1 1 0 Ar -7.0 1473 2 

UO2-Fe-Cr 1 1 
0.25, 0.5, 

0.75, 0.9

Ar+10%H2  -13.7 
1473 24 

Ar+2%O2 -1.7 

UO2-SS 1 1 0.79 

Ar+10%H2  -13.7 
1473 2, 4, 8 

1673 2 

Ar+2%O2 -1.7 
1473 2, 4, 8 

1673 2 

UO2-ZrO2-

SS 
0.5 1 0.79 

Ar+10%H2,  -13.7 
1473 2, 4, 8 

1673 2 

Ar+2%O2 -1.7 1473 2, 4, 8 
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1673 2 
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 479 
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 480 

 481 

Fig. 1. XRD patterns of samples before and after heat treatment at 1473 and 1673 K in the 482 

UO2–Fe system under (a) the reducing condition and (b) the oxidizing condition. 483 

  484 
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 485 

Fig. 2. XRD patterns of samples before and after heat treatment at 1473 and 1673 K in the 486 

UO2–Cr system under (a) the reducing condition and (b) the oxidizing condition 487 

  488 



3 
 

 489 
Fig. 3. XRD patterns of samples (a) in the UO2–SS system and (b) in the UO2–ZrO2–SS 490 

system before and after heat-treatment at 1473 and 1673 K under the oxidizing condition. 491 
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 493 
Fig. 4. Lattice parameters (a, b, c) of orthorhombic FeUO4, CrUO4, and (Fex, Cr1−x)UO4 494 

(0.25 ≤ x ≤ 0.9). 495 
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 497 
Fig. 5. SEM and X-ray mapping images of U, Fe, and Cr in UO2–SS system after heat 498 

treatment at 1473 K under the oxidizing condition for 24 h.  499 
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 501 

Fig. 6. Fe/Cr ratio of (Fex, Cr1−x)UO4 (0 < x < 1) obtained by EDX analysis versus mixture 502 

ratio of Fe/Cr in starting materials. 503 
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 505 

Fig. 7. U LIII XANES spectra of (Fex, Cr1−x)UO4 and CrUO4 samples. 506 
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