
Sample preparation 

UO2+Zr (+SUS, simulated FP etc.) 

temperature 

Composition of 
element 

Partial pressure of O2 

humidification 

salt content of  
seawater 
B4C 

U-Zr sample 
preparation  by 

arc-melting 

 Characteristic data on the simulated debris 
contributed to measures for sampling and 
unloading (defueling) works. 

 Systematic mapping of the debris properties 
can be enhanced safety and analysis on the 
SA study, and also for post SA. 

 Fabricated debris will be applied to studies of 
debris treatment, disposal and storage.  

Simulated debris is fabricated by  
 simulated debris using UO2 
 simulated debris using MOX 
 simulated debris using irradiated fuel 

 JAEA has just started the fabrication of simulated debris and analyzing. 

Debris sampling from Fukushima has many difficulty and it takes a long way, 
so we need to understand the debris properties using simulated debris with 
considering the accident progression 

4.2  R&D for Debris Characterization  
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次世代原子力システム研究開発部門 
 

加藤 正人 
 

燃料技術開発グループ 
プルトニウム燃料センター 

燃料技術開発課 

Melting test 

W capsule 

Debris 

 Simulated UO2 debris containing 25, 50 and 75%Zr were prepared from powders of UO2 
and Zircaloy-2. 

 The debris were sealed in a tungsten capsule, and then heated above 2600oC and melted. 
 MOX debris have been preparing. 

Φ1cm×H2cm 

Microstructure on cross section of 
melted UO2 debris 

Melted UO2 debris 

25％Zr 75％Zr 

Appearance of sintered debris 

SEM images on surface of sintered UO2 debris  
25％Zr 50％Zr 

Sintered UO2  debris Sintered MOX debris 

 Significant microstructure change was 
observed with composition ratio of U/Zr. 

25％Zr 75％Zr 50％Zr 

4.3 Characterization of simulated MOX debris (1/2) 
-  Preparation of simulated debris -  
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 Thermal properties of UO2 debris were measured. 
 The measured data contribute to re-evaluation of severe accident scenario and 

development of debris treatment, disposal and storage technology. 

 Thermal expansion and thermal 
conductivity were affected by 
phase transformation at about 
1100oC.  

 Melting temperatures were 
consistent with the phase 
diagram in the ZrO2-UO2 system. 

 Melted debris with 25% and 
50%Zr were observed to be 
almost single fcc phase .  

 It is expected that the O/M ratio of 
debris was 2.00-2.05. 
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4.4 Characterization of simulated MOX debris (2/2) 
-  Property measurements of simulated UO2 debris -  
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Various characterization performed 
considering Fukushima accident situation. 

O 

Zr U 

UO2 

α-Zr(O)+α-U 

α-Zr(O)+δ 

α-Zr(O)+α-U+UO2 

α-Zr(O) 
+ZrO2(mon) 
+UO2 

Relation between phases observed in sim.-debris and calculated phase diagram 

α-Zr(O)+α-U 

α-Zr(O)+δ-UZr2 

α-Zr(O)+α-U+UO2 

Phases detected 

Metallograph of  
sim-debris 

in moisture atm. 
(pellet shape maintained) 

Reaction between sea-water or NaCl and UO2 

in Ar atm. 
(pellet powderized) 

Impurities of sea-water, especially 
Ca and Mg, expected to dissolve 
into debris, especially in powder-
like debris. 

Atmosphere possibly affects 
physical-chemical characteristics 
of debris.  

(The detail will be presented in SARNET 
workshop in next week.) 

Peak separation of UO2 ⇒ dissolution of Ca 

4.5  Characterization Mapping using Simulated debris 
- Observation of Zr-rich Phase and Effect of Seawater -  

Effect of seawater investigated for 
debris characterization and source 
term. 
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(Example) Zr-rich simulated debris 

Phases observed in simulated debris (made by quickly 
cooling from high temperature)  are in reasonable 
agreement with equilibrium phase diagram at < 600℃. 

α-Zr(O) precipitated initially and then U-metal or 
UZr2 solidified. 

(considering to join OECD/NEA database project, 
TMF-DB) 



Induction furnace 
Pyrometer 

Fuel 

Crucible 
(W+YSZ) 

Carrier 
gas (Ar) 

Filter 

γ-ray 
detector 
 

Gas mass spectrometry 
Gas chromatography 

Cell wall 
Inner box 

4.6  Synthesis and characterization of simulated 
debris using irradiated fuels 

The experimental system for the synthesis of 
simulated debris using irradiated fuel 

 Microstructures (OM, SEM) 
 Chemical form analysis (XRD)  
 Distribution of FPs (EPMA, γ-scan) 
 Density measurements (X-ray CT) 
 Released FP behavior during the debris 

synthesis 
 Thermochemical/physical properties 
 Dissolution properties for the 

assessment of applicability of aqueous 
reprocessing 

Planned characterization of the 
simulated debris using irradiated fuels  

Acquisition of the basic data for the treatment of 1F-NPP debris and improvement of prediction 
code for severe accident, focusing on fission product distribution. 
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4.7  The present status; preliminary synthesis of 
simulated debris using irradiated fuels 

Specimen : Irradiated MOX fuel  
 Reactor : “FUGEN” (ATR) 
 Burn-up :  43 GWd/t 
 Fuels :  pellet ; MOX (Pu:5.62%) 
                   cladding ; Zry-2 

Heating condition 
 2100℃×5min. 
 Flowing Ar gas 

YSZるつぼ＋E09試料 WるつぼYSZ crucible W crucible 

YSZ crucible 

Synthesized-debris; 
Partially melted 

Characterization 
 Released gas analysis 
 Sample preparation for the 

characterization is on 
going. 
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5. Feasibility Study on Treatment 
of Removed Debris  

Weeping Cherry Blossom 
“Miharu-Taki-Sakura ” 

(Miharu-cyo, Fukushima pref.) 
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Treatment 

Disposal 

Waste 

U/Pu 

Debris 

Waste 

U/Pu 

Aqueous 

Pyro-
chemical 

Simple 
Treatment Waste 

Direct Waste 
(Debris) 

Long Term 
Storage 

 “Long Term Storage”, “Treatment” or “Disposal” ?  

5.1  Option for Debris Management 

Damaged Fuels 
 (Debris) 

(None)  

● We have to investigate 
reasonable methods for debris 
management referring SA 
studies including TMI-2 
accident and recent treatment 
technique. 

● Just now, We have started the 
feasibility studies about debris 
management methods with a 
focus on treatment technique 
(aqueous and pyrochemical) . Fig.      Option for debris management 
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Pre-
Treatment 



Storage:  (started by another working team ) 
Subject: Stability and Safety  
 （Corrosion, criticality, hydrogen generation etc.） 

Treatment: (on going by our team) 
Subject: Technical capabilities 
 Aqueous process 

   （Improvement on PUREX process） 
 Pyrochemical process 

   （Improvement on Electrorefining, Electrowining etc.) 
 Pre-treatment 

   （Metallurgical method to separate of Oxide/Metal） 
Disposal: (started by another working team) 

Subject: Waste form and safety regulation 

Molten salt
3LiCl-2KCl
[500℃]Cd pool

Spent metal 
fuel (Anode)

Ar

FPn+

U3+

TRU3+

FP

Solid 
cathode

Liquid Cd
cathode

Cd-U
-TRU

U

 We have started feasibility studies on the treatment technologies for 
Fukushima Daiichi damaged fuel core debris.   

 We should refer the experience in TMI-2 and SA studies in the world. 

CPF  
（Tokai Research and Development Center)   

Metallic electrorefining process 

5.2  Feasibility Study on the Debris Treatment  
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5.3  Adaptability on Aqueous Treatment  

 Based on PUREX process 

 Extra contamination as sea salt, 
boric acid and so on. 

Potential Postulate  
 High through-put with available facility 

 No more new concept of waste 
management 

 Minimum R&D items and costs 

What is 1F debris? 

 A large part of 
debris are 
doubtless Poorly-
soluble. 

 Effect of salt and 
boric acid 

 TMI-2  ：mainly (U,Zr)O2 
 Mixture of nitric acid, hydrofluoric 

acid, and aqua regia 
 Fusion with potassium pyrosulfate  

 PuO2 
 Electro-dissolution with Ag2+ 

 Reduction by Cr2+ in sulfuric acid 

Problems Literature Investigation 

 Presumption of 1F debris 
 Dissolution Test with 

simulated debris 
• Electrodissolution 
• Autoclave 
• Alkali fusion, etc. 

 Corrosion of equipment 

Step1: Research on dissolution method for 1F debris 

 Removing extra contamination such as sea salt and boric acid 
 Effective factors on extraction and after process such as vitrification  

(for example, effect of Zr) 

Step2: Pre-treatment before U/Pu extraction 
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5.4   Experience of Debris Dissolution 

 The Case of TMI-2 debris 

● Pre-treatment for analysis at INEL 

■ dissolution by mixture of nitric and fluoric 
acid 

 ⇒ hardly-soluble 
 
■ fusion with potassium pyrosulfate (K2S2O7) 
 ⇒ dissolved completely  
     (with risk of fire and explosion) 
 
■ 6MHNO3→3MHNO3+1MHF→Aqua Regia (HCl) 

heated by hot plate in 3-4days 
⇒ insoluble residue: under 3%  

 （FP contents：Co,Ru,Sb,Cs,Ce,Eu） Ref.:D.W.Akers et. al., EGG-OECD-9168（1992） 

Figure  Pyrosulfate Fusion 

● It is difficult to dissolve debris by the same method as dissolution of spent LWR fuel. 
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 Re-confirmation of debris dissolution with nitric acid solution  
● Fundamental tests on dissolution of (U,Zr)O2 solid solution 

 (in action) 

 Meaning of application of aqueous treatment  
● Advantages 
 New categorizations such as regulation, license and waste disposal 

are not necessary because of same kinds of products and waste as 
conventional aqueous reprocessing plant. 

 Minimum R&D items required. 

● To use available technologies as much as possible, To use new 
chemical process and reagent as little as possible. 

  ⇒ Application of Pre-treatment to make debris be soluble  
   （For example, solution treatment） 

indicating 

■ U0.9Zr0.1O2 (Cubic) ⇒ soluble (it looks slower than UO2) 
■ U0.15Zr0.85O2 (Tetragonal)  ⇒ poorly-soluble 
■ U0.05Zr0.95O2 (Monoclinic) ⇒ poorly-soluble 

5.5  Orientation about Aqueous Treatment 
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5.6  Adaptability of Pyrochemical Technologies 

▪Reduction behavior (Metal electrorefining） 
▪Halogenation behavior (Oxide electrowinning） 
▪Dissolution behavior (Molybdate dissolution） 

■Poor solubility in aqueous solution of fuel debris suggests application of pyrochemical methods. 
■Metal electrorefining and oxide electrowinning methods have feasibilities for debris treatment on 

condition that debris can be dissolved into molten salt. 
■Other ideas of dissolution (i.e. molybdate dissolution method) are expectant. 
■Insoluble residue after aqueous process might well be able to treated by pyrochemical methods. 

Examination of  
 Flowsheet  
 Waste form 

Evaluation of 
Dissolution properties 

Debris milling 

Storage or Reuse 

【U, Pu】 

【Zr?】 
【NM】 
【RE】 
【ALE】 

【UO2】 
【PuO2】 
【Zr】? 

ZrO2 can be 
reduced from 
thermodynamic 
consideration,  
➔  in the actual 

system? 

Almost of all 
oxide can be 
chlorinated 
with Cl2 gas,  
➔ (U,Zr)O2? 

①Reduction Technique ②Halogenation Technique 

LiCl 650°C 

NaCl-KCl 650°C 

③Dissolution to Melt 

Na2MoO4-MoO3 
700~750°C 

Metal is 
difficult to be 
dissolved,  
➔ (U,Zr)O2? 

【UO2】 
【Zr】 【NM】 

【ZrCl4】 
[volatilization] 

【Zry】 
【SUS】 
【NM】 

【ZrO2】 
【PuO2】 
【RE, ALE phosphate】 

【RExOy】 
【ALE】? 

【U】 
High level 
waste form 

Metallic  
waste 

Waste 
stream 

NM：Noble metal 
RE：Rare earth 
ALE：Alkaline earth metal 

Debris milling Debris milling 
Common 
technique with 
Aqueous process 
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Storage or Reuse 
Storage or Reuse 

Electrolytic 
reduction 

Molten salt 
treatment 

Liquid Cd  
Cathode 

treatment 

Chlorination 

Electrolysis 

Cathode 
treatment 

Precipitation 
/Molten salt 
treatment 

Dissolution 

Metal 
recovery 

Electrolysis 

Solid 
Cathode  

treatment 

Electro-refining Precipitation 
recovery 

Storage or Reuse 

Waste 
stream 

✼R&Ds concerning metal electrorefining have been carried out under the collaboration between CRIEPI and JAEA.  
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5.7  Status of Pyrochemical Experiments 

▪ Debris (oxide) needs to be reduced to metal in the pre-treatment process of 
metal electrorefining technology. 

 ➔ Lab-scale tests were carried out to confirm (U, Zr)O2 reduction behavior. 

◪  ZrO2 Reduction test 
  ▪ Reduction peak of ZrO2 was 

observed instead of Li redox peak in 
the cyclic voltammogram. 

  ▪ Generation of Li2ZrO3 was confirmed 
by XRD analysis. 

◪  (U, Zr)O2 reduction test  
 ▪ Reduction of UO2 was confirmed by 

XRD analysis. 
 ▪Diffraction peaks of Zr metal could not 

be observed clearly due to overlap 
with U metal peaks. 

■Simulated debris reduction test for the electrorefining method 
  (Collaboration between CRIEPI and JAEA) 

Cyclic voltammogram  
  LiCl : blue line 
  ZrO2 in LiCl : red line 

Upper view of test 
apparatus and magnesia 
tube with ZrO2 sample 

View of reduced sample 
(U-25%Zr) 
Black part is reduced 
material and white part is 
the cross section of MgO 
tube. 
 

Before electrolysis 

After electrolysis 

XRD pattern of U-75%Zr sample 
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6.  Summary -challenge and future action- 

 Necessary for Debris characterization by using sim.-debris. 
 In Fukushima, degraded reactor core was estimated as partly 

melted and leaked out from RPV, and those debris was assumed 
quite different from the case of TMI-2. 

 Debris sampling has many difficulty and it takes a long way, so we 
need to understand the debris property using sim.-debris with 
considering the accident progression. 

 Debris characterization should be evaluated with wide range of 
uncertainty, taking into account the uncertainty of SA code. 
 

 Gathering the wisdom of international/domestic community, 
for study of debris characterization and debris management 
 Now, JAEA is conducting this project in cooperation with CRIEPI 

and METI/MEXT, TEPCO and other companies. 
 We are considering some international cooperation. 
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1.  Estimation of  actual fuel debris characteristics with 
simulated debris 
 Plans of manufacture simulated debris are for SA study and R&D 

of sampling and removal technology and debris management after 
removal. Which characteristics should be focused, in the view of 
proximity to actual debris for that purpose ? 

 Width of debris characteristics should be considered taking into 
account the range of uncertainty.  But if trying to study too much 
detail with too much large range, meaningful results can not be 
obtained until sampling will start. How we set the range of study 
that will be conducted until sampling, and how much should we 
study in detail ? 

 Especially MCCI products, because of their great diversity, there is 
a concern that meaningful results can not be obtained before 
sampling. What should be studied about MCCI products before 
sampling? 

7. Focus point for advice or proposal from 
domestic and international experts 
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2.  Study of Debris management after removal 
 Are there any experience for study of debris management as Post 

SA ? (Even through experience of analyzing, processing and 
disposal of simulated debris for SA study would be useful.) 

 What is significant purpose if sampling debris before removal? 
What kind of analysis should be conducted on the sample? 

 JAEA have been studying aqueous process (especially application 
of PUREX) and pyro-chemical process as application of 
conventional technologies. Are there any effective technologies for 
this purpose? 

 

3.  International cooperation 
 Which issues/fields do you care in the view of international project ? 

7. Focus point for advice or proposal from 
domestic and international experts 



Appendix 
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R&D on various concerns on debris-criticality  

Estimated phase diagram on phase separation of B. 
(quoted from Hasebe et al. under JNES project) 

Concerns on criticality: 
- Volatilization of B and C in high oxygen potential 
- Sequence of control rod degradation 
- Mixing and phase separation in molten corium 
- Debris porosity 
- Miscibility of Gd 
- FP chemistry 

Molten Core Concrete Interaction 
(Image) 

concrete erosion 

Debris 

Crust 

water 

Concrete 

Void 

Grain 
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