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Abstract 
  
The collaboration project concerning sphere-pac fuel (SPF) among JNC (Japan Nuclear Cycle 

Development Institute), PSI (Paul Scherrer Institut) in Switzerland and NRG (Nuclear Research and 
Consultancy Group) in the Netherlands was performed from 1996 till 2005. 

This project originated from the JNC interest in SPF as a candidate for advanced fast reactor fuel. 
Comparative irradiation tests of MOX SPF with pellet type fuels and vipac fuels in the High Flux Reactor 
(HFR) in the Netherlands were planned.  

In total sixteen fuel segments (eight pins) with these three types of fuel were fabricated at PSI. Two 
SPF segments contained 5%Np in addition to 20%Pu-MOX. The other segments contained no Np. The fuel 
microspheres for SPF were fabricated by the internal gelation process. The internal gelation process was 
successfully applied also to Np-MOX fabrication.  

The test pins were transported to Petten in the Netherlands in September 2003 and assembling of the 
sample holders was done. 

Three start up and steady state irradiation tests and one power-to-melt (PTM) test were performed in 
HFR. Two test pins (four segments) were irradiated simultaneously in every test. The first three tests were 
performed mainly to obtain the restructuring data of SPF in the early beginning of irradiation. The fourth test, 
PTM test was done to evaluate PTM linear heat rate of SPF with the reference data for pellet fuel. The 
irradiation tests were performed in January to March 2004 and December 2004 to March 2005. Post 
irradiation examination was completed in August 2005. 
In this project the irradiation tests in HFR was doubtless main task but so many other works were also 
performed i.e. transfer of the technology concerning modeling and design of sphere-pac fuel from PSI to 
JNC, additional destructive PIE of IFA-550.11 fuel (a power ramp test of sphere-pac fuel segment irradiated 
in the Gösgen PWR), fabrication tests in PSI, etc. This report summarized the planning of the irradiation tests, 
fuel design, result of fabrication, irradiation, post irradiation examination and data analysis. SPF design 
codes, DIRAD-S, SIMPLE-S which was developed by implanting SPF models of PSI into the pellet design 
codes in JNC, were validated with the irradiation test data in this project.  
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1  INTRODUCTION 

1.1  Background 

The collaboration project for the advanced sphere-pac fuel was originally started in 1996 

between the Power Reactor and Nuclear Fuel Development Corporation (PNC, reorganized to be 

JNC in 1998) in Japan and the Paul Scherrer Institut (PSI) in Switzerland basing on the contract 

“Agreement concerning the co-operation in the research and development of advanced 

sphere-pac fuel”.  

PNC expected sphere-pac fuel to be one of the leading options for the future FBR MOX 

fuel which should satisfy the demands of higher economy, reduction of environmental load and 

nuclear non proliferation. Comparative irradiation tests for sphere-pac fuel (SPF) and pellet type 

fuel (PF) of (Pu, U)O2 both with and without 5%Np were planned in the fast experimental 

reactor “JOYO” of  PNC. SPF test pins and PF test pins were planned to be fabricated at PSI 

and PNC, respectively. It was also the high aim in PNC to introduce PSI’s excellent SPF 

technology such as modeling, design, and fabrication through the co-operation work toward the 

irradiation test. 

Unfortunately, a few accidents and incidents occurred in PNC from 1995 to 1997. It slowed 

down the work at PNC. In addition to this, PNC faced some technical problems such as oversea 

transportation of MOX test pins or clearance of the irradiation licensing in “JOYO”, therefore in 

1999 it was decided that it would be too difficult to pursue the original plan. JNC and PSI 

discussed to use alternative irradiation facility. Among the four candidates, HFR, Phenix, 

BOR-60, and HBWR, JNC and PSI finally selected HFR in the Netherlands. 

The revision of the collaboration contact was made until 2001. The Nuclear Research and 

Consultancy Group (NRG) in the Netherlands took part in the project and it was restarted among 

the three parties in 2001. The nickname “FUJI project” comes from “Fuel irradiation test for 

JNC and PSI”. 

Fabrication of all irradiation test pins was changed to be done at PSI instead of JNC. 

Fabrication was completed by the end of June 2003. Transportation to Petten, HFR site, was 

done in September in the same year. After assembling the sample holders, the first two 

irradiation tests were performed in the beginning of 2004 and post irradiation examination (PIE) 

was done. The second irradiations and PIE were performed in autumn 2004 and completed in 

August 2005.  

 

1.2  Summary of the irradiation tests 

1.2.1  Scope 

The objectives of the irradiation tests in the HFR were: 

1) To obtain restructuring data in the early beginning of irradiation for SPF with the 

reference data for PF, 

2) To obtain power-to-melt data for SPF with the reference data for PF, 
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3) To improve the SPF design codes, DIRAD-S, SIMPLE-S and SPHERE with the data 

obtained in the tests, 

4) To evaluate the influence of fuel particle shape, spherical ones for SPF and 

non-spherical ones for vipac fuel, 

5) To evaluate the influence of Np addition on the irradiation performance. 

 

The results are to be included in the feasibility study of advanced FBR cycle systems at 

JNC. They were applied to validate the SPF design codes of JNC, DIRAD-S, SIMPLE-S. They  

are expected to be very important verification data to show the reliability of the codes in the 

future licensing for SPF irradiation tests in “JOYO”. SPACON and NECK routines developed in 

PSI were implemented to DIRAD and SIMPLE, design codes of JNC for PF, to expand them to 

SPF evaluation. JNC named them DIRAD-S and SIMPLE-S. 

 

1.2.2  Irradiation tests 

Total sixteen segments (8 pins) of three types of fuel, i.e. 9 sphere-pac fuels (SPF), 5 pellet 

type fuels (PF) and 2 vipac fuels (VPF) were fabricated and irradiated. Each segment had the 

fuel composition of (20%Pu, 80%U)O2 but only 2 SPF consisted (5%Np, 20%Pu, 75%U)O2. 

The pin outer diameter 7.5 mm, inner diameter was 6.7 mm, with Pu enrichment 20%, the 

pellet density of 95%TD was adopted to compare the result with past PTM test data performed 

in “JOYO”. The fuel column length was 250 mm except for 3 PF segments for the steady state 

irradiation tests with 50 mm stack length. The length of each segment was 450 mm. 

Two segments were connected to each other to form a pin which was placed in a double 

walled stainless steel container. Two fuel pins (i.e. four segments) were simultaneously 

irradiated in the pool-side-facility in HFR with the KAKADU irradiation rig.  

 

Four irradiation tests were performed: 

- Initial sintering test ------- IST 

- Restructuring test (1) ----- RT1 

- Restructuring test (2) ----- RT2 

- Power to melt test --------- PTM 

 

The tests of IST, RT1, and RT2 aimed to obtain restructuring data under the condition of 

the linear heat rate of 530 W/cm and a cladding temperature of 400 ºC to simulate the steep fuel 

radial temperature profile, which is typical for fast reactors. In the IST, RT1, and RT2 irradiation, 

the data after 36 h (initial power increase only), 84 h (initial power increase and 48 h steady 

state irradiation) and 132 h (initial power increase and 96 h steady state irradiation) was 

available, respectively. 

In the PTM test, two power ramp tests were performed after the base irradiation under the 

identical condition of RT1. The 1
st
 power ramp up to 670 W/cm was performed at a specific 



ＪＮＣ ＴＹ８４００ ２００５‐００６

 ｜ 3 ｜

position of the SPF segments. Since the melting of both SPF segments was confirmed by the 

neutron radiography, they were removed from the rig and replaced by a dummy pin. The 2
nd

 

power ramp was performed up to 780 W/cm at a specific position of the PF segments. Melting 

of both segments was confirmed by the neutron radiography and thus all irradiation tests were 

successfully completed. 

Detailed information concerning the irradiation facility and safety assessment is described 

in the Design and Safety Report
[1]

. 

 

1.3  Fuel fabrication tests 

Before fuel and segment fabrication for the irradiation test pins was started, many 

fabrication tests were performed as shown below. Detailed information concerning these tests 

can be found in the Appendix. 

1) Sphere fabrication tests 

Insulator UO2 sphere by the internal gelation process 

30%Pu-MOX sphere by the internal gelation process 

5%Np-MOX sphere by the internal gelation process 

2) Pellet fabrication tests 

3) Vipac particle fabrication and filling tests 

4) Welding tests 

 

 

[1] K.Bakker, C.Sciolla, H.G.Thessingh, et al.; “Design and safety report project FUJI 

342-05-08”, NRG 20697/04.61973/C (2004) 
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2  DESIGN OF IRRADIATION TEST PINS 

2.1  Introduction 

The fabrication design of the irradiation test pins with several evaluations concerning the 

fuel behavior and the integrity was performed at JNC. The fuel centre temperature, the 

restructuring and the fuel melting region were predicted by the CEPTAR code in the fuel 

behavior evaluation. Additionally, the following evaluations with regard to the pin integrity were 

performed:  

# Welded zone integrity, 

# Cladding integrity, 

# Axial elongation (fuel stack, pin), 

# Cladding diameter change, 

# Impact of fuel seal disk (FSD) on the cladding. 

In this report, the results of the fabrication design and the evaluations of fuel behavior and 

integrity are summarized. Furthermore, the inspection method for plutonium-rich particles with 

-autoradiography and the impact of impurities included in plutonium powder are described.  

 

2.2  Fuel pin structure [1] [2] 

Due to the restriction on a container for the transportation from PSI to NRG after the 

fabrication at PSI, the fuel pin for the HFR irradiation test had to be separated into two segments , 

i.e. into an upper and a lower segment. This structure allows irradiating two types of fuel 

simultaneously under identical condition, due to the axially symmetrical neutron flux. The typical 

structure of two pins to be used for the initial sintering test is shown in Figure 2.2 1. Two fuel pins 

could be simultaneously irradiated in the shroud tube during each irradiation test. All eight pins 

for FUJI project have a designated ID number.  

The structure of the pin, of with ID number SPF-I11, is shown in the upper figure. This pin 

consists of an upper pellet fuel segment and a lower sphere-pac fuel segment, which are connected 

with a screw at the connection endplug. The upper pellet fuel segment consists of an upper 

endplug, a cladding and a lower connection endplug, which are made of PNC1520 stainless steel, 

and includes two thermal insulation pellets made of depleted UO2, which are located above and 

below the MOX fuel stack, a plenum spring made of SUS304WPB stainless steel and plenum 

sleeves made of PNC1520 stainless steel. The upper endplug has three spacers at intervals of 120° 

to ensure a clearance between shroud tube and fuel pin, and the lower connection endplug has a 

female screw for connection. The plenum spring was designed to fix the pellets even if 6G 

acceleration is applied during the transportation and the handling. According to the fuel stack 

length of 50 mm for the initial sintering test and the restructuring tests, and 250 mm for the PTM 

test, the pellet fuel segments for the initial sintering test and the restructuring tests have five 

plenum sleeves, and that for the PTM test has only one plenum sleeve. The lower sphere-pac fuel 

segment consists of a lower endplug, a cladding and an upper connection endplug, which are made 
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of PNC1520 stainless steel, and includes a fuel seal disk (FSD) made of tungsten, thermal 

insulation spheres made of natural UO2, which are filled above and below the MOX spheres 

region, a particle retainer and a special plenum sleeve made of PNC1520 stainless steel. The lower 

endplug, of which the lower edge diameter is somewhat larger than the cladding outer diameter, 

has three depressions at intervals of 120° to make the insertion of fuel pin into the shroud tube 

filled with sodium easy, and three (not depressed) protrusions at intervals of 120° has the similar 

function as the spacers on the upper endplug. The FSD is located at the upper end of the thermal 

insulation spheres to prevent the finest broken fragments going into the narrow clearance between 

the cladding and the inside-protrusion of the connection endplug. Due to its geometry like a tulip, 

a particle retainer can fix the diffusible spheres by a mechanical fixation on the cladding inner 

surface after the filling. The conical cap of the special plenum sleeve, which length is beforehand 

adjusted, can relax this fixation force to prevent the impact on the cladding integrity during 

irradiation. The upper connection endplug has a male screw for the connection. There is a spacer 

with three protrusions at intervals of 120° at the connected joint between the upper and the lower 

segment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The structure of the pin with ID number SPF-I12, is shown in the lower part of Figure 2.2-1 

consists of an upper sphere-pac fuel segment and a lower vipac fuel segment, which are 

connected with a screw at the connection endplug. The upper sphere-pac fuel segment consists 

of an upper endplug, a cladding and a lower connection endplug. The upper sphere-pac fuel 

segment has the similar order of the lower sphere-pac segment mentioned above only in the 

reverse sturucture. The lower vipac fuel segment consists of a lower endplug, a cladding and an 

Figure 2.2-1  Major pin structure for initial sintering test 
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upper connection endplug. The inner structure of the vipac fuel segment is similar to that of the 

sphere-pac fuel segment, except for the FSDs additionally located at the boundary between the 

MOX vipac fuel fragments and the thermal insulation spheres. These additional FSDs were 

inserted to prevent intermixing during the filling process. There is also a spacer at the 

connecting joint.  

 

2.3  Design of the experiment 

2.3.1  Neutronic and thermohydraulic conditions 

In this test, it is important to imitate the radial temperature profile in JOYO fuel in order to 

study the restructuring behavior for a JOYO irradiation. Therefore, the irradiation conditions 

should be decided in accordance with the thermal computations with the CEPTAR code. The 

radial power distribution based on the neutronic computation is used to predict the radial 

temperature profile. The radial power profile used for thermal computations is shown in Figure 

2.3-1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The computation results of the radial temperature profile in sphere-pac fuel and pellet fuel 

are shown in Figure 2.3-2 and Figure 2.3-3 respectively. In these figures, the radial temperature 

profile predicted with the flat power profile in JOYO fuel is compared with the thermal power 

profile in the Pool Side Facility in the HFR. As shown in these figures, the radial temperature 

profile in sphere-pac fuel and pellet fuel is expected to be imitated in the range of 50 °C when the 

cladding outer temperature is controlled at 400 °C at the power of 530 W/cm. Consequently, the 

cladding outer temperature should be controlled at 400 °C at the final power of 530 W/cm in the 

initial sintering and restructuring tests.  

In the PTM test, the pre-irradiation is performed under the same condition as that in the first 

irradiation test. Then neutron radiography is done to confirm the restructuring. After that, the 

power is increased and the cladding outer temperature is controlled to 510 °C at 500 W/cm to 
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Figure 2.3-1  Radial power profile used for thermal computation 
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imitate the boundary condition between cladding and fuel during the final ramp and to recover the 

fuel centre temperature at the end of the pre-irradiation, and held for 10 minutes as the final 

pre-conditioning. After the final pre-conditioning followed by the final ramp, the power is 

increased up to 600 W/cm at a rate of 0.5 %/min and rapidly decreased to the zero power in    

0.1 hours. Then the neutron radiography is performed to confirm fuel melting. After confirmation 

of no fuel melting, the power is increased up to 600 W/cm again in 0.5 hours, increased up to   

650 W/cm at a rate of 0.5 %/min, and decreased to zero power in 0.1 hours. After that, neutron 

radiography is done. This procedure is repeated up to 800 W/cm power. Since the pellet fuel and 

the sphere-pac fuel are used for the PTM test, the difference in the melting power between the two 

types of fuels has to be taken into account. By using the CEPTAR code, the melting power of the 

pellet fuel and the sphere-pac fuel is estimated to approx. 780 W/cm and approx. 640 W/cm, 

respectively. Due to this difference in the melting power, the sphere-pac fuel pin should be 

removed earlier from the sample holder after fuel melting is confirmed by neutron radiography. 

The axial profile of the cladding outer temperature is controlled to be uniform during each 

irradiation test. The cladding outer temperature is calculated from the following results of thermal 

computations by NRG.  

# Approx. 500 °C for 520 W/cm power 

# Approx. 600 °C for 825 W/cm power 

 

In addition, the plenum temperature is assumed to be 100 °C, and the sodium pressure is  

0.1 MPa (1 bar) during irradiations. The axial flux profile based on the measurement of thermal 

neutron flux is shown in Figure 2.3-4. The axial thermal computations were done with this axial 

flux profile.  
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Figure 2.3-2  Imitation of radial temperature profile in sphere-pac fuel 

Figure 2.3-3  Imitation of radial temperature profile in pellet fuel 
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2.3.2  Dimensional conditions 

(1) Fuel Rod 

# Overall length : 910±2 mm 

# Overall bowing : < 1.5 mm (aimed at < 1.0 mm) 

 

(2) Pellet Fuel Segment 

# Overall length : upper segment : 455 mm / lower segment: 459.9 mm 

# MOX fuel length : 50 mm for the initial sintering test and the restructuring tests, 

 250 mm for the PTM test 

# Insulation length (pellet) : upper 10±1 mm / lower 10±1 mm 

# Insulation type : depleted UO2 pellet 

# Pellet diameter : 6.5±0.05 mm 

# Pellet height : 10±1 mm 

# Pellet density : 95±2 %T.D. 

# Fuel O/M ratio : 1.97+0.02/-0.03 

# Plutonium content : 20 wt% 

# Cladding outer diameter : 7.5±0.030 mm 

# Cladding inner diameter : 6.7±0.030 mm 

# Cladding thickness : 0.4 mm 

Figure 2.3-4  Axial power profile in the HFR 
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# Plenum volume : 6.6 cc for the initial sintering test and the restructuring tests, 

 3.0 cc for the PTM test 

# Initial He gas pressure : 0.1 MPa (1.0 bar)  

 

(3) Sphere-pac Fuel Segment 

# Overall length : upper segment: 455 mm / lower segment: 459.9 mm 

# MOX fuel length : 250 mm 

# Insulation length (spheres) : upper 10±1 mm / lower 10±1 mm 

# Insulation type : natural UO2 spheres 

# Insulation sphere size : 230 µm 

# MOX sphere size : infiltration filling coarse 800 µm, fine 70 µm, 

 simultaneous filling coarse 800 µm, medium 190 µm 

# Smear density : infiltration filling 78~81 %T.D., 

 simultaneous filling 70~71 %T.D. 

# Fuel O/M ratio : 1.97+0.02/-0.03 

# Plutonium content : 20 wt% 

# Neptunium content : 5 wt% for Np-MOX fuel only 

# Cladding outer diameter : 7.5±0.030 mm 

# Cladding inner diameter : 6.7±0.030 mm 

# Cladding thickness : 0.4 mm 

# Plenum volume : 2.1 cc 

# Initial He gas pressure : 0.1 MPa (1.0 bar)  

 

(4) Vipac Fuel Segment 

# Overall length : lower segment : 459.9 mm 

# MOX fuel length : 250 mm 

# Insulation length (sphere) : upper 10±1 mm / lower 10±1 mm 

# Insulation type : natural UO2 spheres 

# Insulation sphere size : 70 µm (5 mm FSD side), 230 µm (5 mm connection side) 

# MOX fragment size : max. 850 µm, min. 25 µm 

# Smear density : 74~77 %T.D. 

# Fuel O/M ratio : 1.97+0.02/-0.03 

# Plutonium content : 20 wt% 

# Cladding outer diameter : 7.5±0.030 mm 

# Cladding inner diameter : 6.7±0.030 mm 

# Cladding thickness : 0.4 mm 

# Plenum volume : 2.1 cc 

# Initial He gas pressure : 0.1 MPa (1.0 bar)  
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2.4  Design evaluations 

2.4.1  Thermal computations 

2.4.1.1  Initial Sintering Test & Restructuring Tests 

According to the irradiation matrix shown in Table 2.3-1 and conditions mentioned above, 

the irradiation behavior of the pellet fuel and the sphere-pac fuel during the initial sintering test 

(36 hours irradiated), the first restructuring test (84 hours irradiated) and the second restructuring 

test (132 hours irradiated) was predicted by using the CEPTAR code. The computation results of 

fuel centre temperature and central void diameter for the upper sphere-pac fuel and the pellet fuel 

are shown in Figure 2.4-1. The central void diameter is represented as a relative diameter to the 

fuel outer diameter. As shown in this figure, the fuel centre temperature of sphere-pac fuel is 

expected to be 150-300 °C higher than the pellet fuel centre temperature during these irradiation 

tests. Due to the high fuel temperatures, the restructuring is accelerated in the sphere-pac fuel. As 

a result of thermal computations, the maximum of relative central void diameter in the pellet fuel 

segment and the sphere-pac fuel segment is expected to reach approx. 6% and more than 30% of 

the fuel outer diameter at the end of the second restructuring test, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The axial profiles of the central void diameter predicted in the pellet fuel segment and the 

sphere-pac fuel segment to be irradiated in this irradiation test are shown in Figure 2.4-2 and 

Figure 2.4-3. Figure 2.4-2 shows the axial profiles of the central void diameter predicted for 

SPF-I11 pin, SPF-R11 pin, and R21U segment. In these pins, MOX sphere-pac fuel will be used 

in the upper segment MOX pellet fuel will be in the lower segment. As shown in this figure, no 

central void but only grain growth is expected to be observed in the pellet fuel segment in the 
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initial sintering test. Based on the computation results, a clear central void could probably be only 

observed in the pellet fuel irradiated in the second restructuring test.  
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Figure 2.4-2  Axial distribution of the central void diameter in SPF-I11, SPF-R11 pin and R21U segment 

Figure 2.4-3  Axial distribution of the central void diameter in pins SPF-I12, SPF-R12 and SPF-R22 



ＪＮＣ ＴＹ８４００ ２００５‐００６

 ｜ 13 ｜

 

Figure 2.4-3 shows the axial profiles predicted for the pins SPF-I12, SPF-R12, and 

SPF-R22. As shown in this figure, the sphere-pac fuel pins, which consist of an upper and a lower 

MOX sphere-pac fuel segment, have the axially symmetrical central void profile. This axial 

symmetry will allow taking PIE samples from the upper and the lower segment with the same 

power. Based on the computation results, the relative central void diameter is expected to reach 

approx. 20% in the initial sintering test and more than 30% in the restructuring test.  

 

2.4.1.2  PTM Test 

Based on the neutronic, thermohydraulic and dimensional conditions for the PTM test as 

mentioned in Chapter 2.3, the melting power and region were predicted for the pellet fuel pin and 

the sphere-pac fuel pin to be irradiated in the PTM test. This computation was performed by using 

the CEPTAR code. This code had been developed as a performance code of MOX pellet fuel, but 

was modified for sphere-pac fuel by calibrating the fuel thermal conductivity. The verification 

result of the melting power for both pellet fuel and sphere-pac fuel is shown in Figure 2.4-4, in 

which the experimental power-to-melt data for MOX solid are compared with each power-to-melt 

computed by using CEPTAR code. In this figure, the experimental data for MOX solid pellet fuel 

from the PTM test in EBR-II, FFTF, JOYO, and MTR, MOX annular pellet fuel and MOX 

sphere-pac fuel from MTR are compared with the computation results respectively. In addition, 

this code can predict the power-to-melt in the range of ±10%, and the melting power for spheres 

can be also predicted as well as for solid and annular pellet fuel. On the other hand, each data has 

a measurement uncertainty of ±10%. Therefore, the prediction accuracy for melting power of this 

code is expected to be ±14%.  
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As the result of thermal computations in accordance with conditions mentioned in   

Chapter 2.3, since the melting power of the pellet fuel and the sphere-pac fuel to be irradiated was 

computed as 780 W/cm and 640 W/cm  respectively, the final power in the PTM test is expected 

to be 800 W/cm for the pellet fuel and 650 W/cm for the sphere-pac fuel. The melting region in 

pellet fuel and sphere-pac fuel was computed at each expected final power of 800 W/cm and   

650 W/cm, respectively. The results of melting region computations are shown in Figure 2.4-5 and 

Figure 2.4-6. As shown in these figures, the melting radius relative to fuel outer radius would 

reach approx. 15% in the pellet fuel segment and approx. 35% in the sphere-pac fuel segment at 

each final power. The axial length of melting region would be approx. 25 mm in both the upper 

and the lower segment.  
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Figure 2.4-5  Melting radius expected in pellet fuel segment 

Figure 2.4-6  Melting radius expected in sphere-pac fuel segment 
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2.4.2  Welded zone integrity 

From the conservative point of view, the estimation for the infiltration filling sphere-pac fuel 

segment with higher smear density was done on behalf of that for the simultaneous filling 

sphere-pac fuel segment with lower smear density and the vipac fuel segment. The welded zone 

integrity was evaluated by estimating the following stress loaded on the welded joint. 

# The stress caused by discontinuous construction 

# The stress caused by axial loading force 

 

These were estimated by using the simplified equation, similar to that for the MONJU fuel 

design.  

 

2.4.2.1  The stress caused by discontinuous construction 

The stress caused by discontinuous construction can be estimated from cladding thickness, 

cladding mean radius and a difference between the inner and the outer pressure. The cladding 

thickness and the cladding mean radius can be calculated from the specifications, and the inner 

pressure can be computed as the plenum pressure by using the CEPTAR code. The assumptions to 

estimate the plenum pressure are as follows: 

# The initial pressure of enclosure helium gas is assumed as 0.1 MPa (1 bar). 

# All off-gas in the fuel and the insulation (assumed as nitrogen), which is retained the 

maximum specified as < 180 µ /gMOX or < 180 µ /gUO2, is released during irradiation. 

# Due to the very short irradiation duration (< 132 hours), fission gas release is negligible.  

# The plenum temperature is assumed to be 100 °C.  

 

The results of plenum pressure computations are shown in Table 2.4-1.  

The stress caused by discontinuous construction can be simply calculated from the 

following equation.  

2t

RmPa
Pm,

2t

RmPa
Pm Z  

QinQout,
t

RmPa

1

3

2
1Qin

2
 (1) 

ZZ2Z QinQout,
t

RmPa

1

3

2
1Qin  

 

where, Pa is a difference between inner and outer pressure, Rm is the cladding mean radius, 

t is the cladding thickness,  is Poisson’s ratio, Pm  is the circumferential primary membrane 

stress, Pm Z is the axial primary membrane stress, Qin  and Qin Z are the circumferential and the 

axial secondary stress on the cladding inner surface, and Qout  and Qout Z are the 

circumferential and the axial secondary stress on the cladding outer surface. The cladding mean 

radius Rm and the cladding thickness t were calculated as the minimum by taking into account 
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the fabrication tolerance and the cladding corrosion of 35 µm. The calculation results of the 

stress caused by discontinuous construction are shown in Table 2.4-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.2.2  The stress caused by axial loading force 

The stress caused by axial loading force can be estimated from cladding thickness, cladding 

mean radius and axial loading force. The cladding thickness and the cladding mean radius can 

be calculated from the specification, similar to the case of the stress caused by discontinuous 

construction. The axial loading force in the pellet fuel segment and the sphere-pac fuel segment 

was assumed to be 20.57 N and 210 N as a loading force due to the plenum spring and the 

special plenum sleeve, respectively. The stress caused by axial loading force can be simply 

calculated from the following equation. 

 

 

 

For Initial Sintering Test & Restructuring Tests 
Qin  

(N/mm
2
) 

Qin Z 
(N/mm

2
) 

Segment 
Pa 

(N/mm
2
) 

Rm 
(mm) 

t 
(mm)

Pm  
(N/mm

2
)

Pm Z 
(N/mm

2
) Qout  

(N/mm
2
) 

Qout Z 
(N/mm

2
) 

0.73 2.44 
PF 0.15 3.54 0.33 0.300 0.24 0.79 

-0.73 -2.44 
5.42 18.05 

SPF 1.10 3.54 0.33 0.300 1.76 5.84 
-5.42 -18.05 

For PTM Test 
Qin  

(N/mm
2
) 

Qin Z 
(N/mm

2
) 

Segment 
Pa 

(N/mm
2
) 

Rm 
(mm) 

t 
(mm)

Pm  
(N/mm

2
)

Pm Z 
(N/mm

2
) Qout  

(N/mm
2
) 

Qout Z 
(N/mm

2
) 

9.23 29.46 
PF 0.80 3.54 0.33 0.300 3.00 9.58 

-9.23 -29.46 
4.38 14.60 

SPF 1.08 3.54 0.33 0.300 1.42 4.73 
-4.38 -14.60 

Note: PF means “Pellet Fuel”, and SPF means “Sphere-pac Fuel”. 

 

 
Initial Sintering & Restructuring 

Tests 
PTM Test 

PF segment 0.25 MPa 0.90 MPa 

SPF segment 1.20 MPa 1.18 MPa 

Note: The plenum pressure was computed based on conservative volume and temperature of plenum,. 

Table 2.4-2  The stress caused by discontinuous construction 

Table 2.4-1  The plenum pressure for the estimation of welded zone integrity 
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tRm2

Fs
Pm,

tRm2

Fs
Pm Z  (2) 

where, Fs is the axial loading force, Rm is the cladding mean radius, t is the cladding 

thickness,  is Poisson’s ratio, Pm  is the circumferential primary membrane stress, and Pm Z is 

the axial primary membrane stress.  

The calculation results of the stress caused by axial loading force are shown in Table 2.4-3.  

 

 

 

 

 

 

 

 

 

 

2.4.2.3 Welded zone integrity evaluation 

The summation of the stress caused by discontinuous construction and the stress caused by 

axial loading force is shown in Table 2.4-4. Based on this calculation result, the welded zone 

integrity was estimated with the same method as applied in MONJU fuel design. The primary 

stress (Pm) and the summation of the primary and the secondary stress (Pm+Q) was compared 

with the allowance stress for the solution treatment material of PNC1520. The estimation result of 

welded zone integrity is shown in Table 2.4-5. The parenthesis < > in this table represents the 

intensity of each stress. "Sm" represents the yield strength of solution treatment material of 

PNC1520. The allowance stress for the primary stress is Sm, and for the primary + secondary 

stress is 2.7 Sm, as well as in the MONJU fuel design. The integrity for the primary stress could be 

confirmed by <Pm> to Sm ratio, and for the primary + secondary stress could be done by 

<Pm+Q>max to 2.7 Sm ratio. These ratios are usually called as "Design Ratio". As the estimation 

results of welded zone integrity, the design ratios were much less than 1.0, and the welded zone 

integrity is expected to be maintained during the irradiation in the FUJI project. 

 

 

 

 

 

 

 

For Initial Sintering Test & Restructuring Tests 

Segment 
Fs 
(N) 

Rm 
(mm) 

t 
(mm) 

Pm  
(N/mm

2
) 

Pm Z 
(N/mm

2
) 

PF 20.57 3.54 0.33 0.300 0.84 2.78 

SPF 210.0 3.54 0.33 0.300 8.52 28.40 

For PTM Test 

Segment 
Fs 
(N) 

Rm 
(mm) 

t 
(mm) 

Pm  
(N/mm

2
) 

Pm Z 
(N/mm

2
) 

PF 20.57 3.54 0.33 0.300 0.84 2.78 

SPF 210.0 3.54 0.33 0.300 8.52 28.40 

Note: PF means “Pellet Fuel”, and SPF means “Sphere-pac Fuel”. 

Table 2.4-3  The stress caused by axial loading force 
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2.4.3  Cladding integrity 

From the conservative point of view, the estimation for the infiltration filling sphere-pac fuel 

segment with higher smear density was done to envelope also the simultaneous filling sphere-pac 

fuel segment with lower smear density and the vipac fuel segment. The cladding integrity was 

evaluated by estimating the following stress loaded on the cladding. 

# The stress caused by contact pressure. 

# The stress caused by pressure difference. 

# The stress caused by temperature difference. 

These were estimated by using the simplified equation, similar to that for the MONJU fuel 

design.  

 

For Initial Sintering Test & Restructuring Tests 
Primary Stress Primary + Secondary Stress 

Type <Pm> 
(N/mm

2
) 

Sm 
(N/mm

2
) 

<Pm>/Sm 
 

<Pm+Q>r-
(N/mm

2
) 

<Pm+Q> -z
(N/mm

2
) 

<Pm+Q>z-r
(N/mm

2
) 

<Pm+Q>max 
(N/mm

2
) 

2.7Sm 
(N/mm

2
) 

<Pm

Q>max/2.7Sm 

PF 3.57 0.02 1.81 4.21 6.02 6.02 0.01 

SPF 34.25 
155.0 

0.22 15.69 36.61 52.30 52.30 
418.4 

0.13 

For PTM Test 
Primary Stress Primary + Secondary Stress 

Type <Pm> 
(N/mm

2
) 

Sm 
(N/mm

2
) 

<Pm>/Sm 
 

<Pm+Q>r-
(N/mm

2
) 

<Pm+Q> -z
(N/mm

2
) 

<Pm+Q>z-r
(N/mm

2
) 

<Pm+Q>max 
(N/mm

2
) 

2.7Sm 
(N/mm

2
) 

<Pm

Q>max/2.7Sm 

PF 7.03 0.05 6.05 14.11 20.16 20.16 0.05 

SPF 34.14 
155.0 

0.22 15.56 36.30 51.86 51.86 
418.4 

0.12 

 

For Initial Sintering Test & Restructuring Tests 

Qin  (N/mm
2
) Qin Z (N/mm

2
) 

Type 
Pm   

(N/mm
2
) 

Pm Z 
(N/mm

2
) Qout  (N/mm

2
) Qout Z (N/mm

2
) 

0.73 2.44 
PF 1.07 3.57 

-0.73 -2.44 
5.24 18.05 

SPF 10.27 34.25 
-5.24 -18.05 

For PTM Test 

Qin  (N/mm
2
) Qin Z (N/mm

2
) 

Type 
Pm   

(N/mm
2
) 

Pm Z  
(N/mm

2
) Qout  (N/mm

2
) Qout Z (N/mm

2
) 

3.94 13.12 
PF 2.11 7.03 

-3.94 -13.12 

5.32 17.72 
SPF 10.24 34.14 

-5.32 -17.72 

Note: PF means “Pellet Fuel”, and SPF means “Sphere-pac Fuel”. 

Table 2.4-4  Total stress loaded on welded zone 

Table 2.4-5  Estimation results of welded zone integrity 
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2.4.3.1  The stress caused by contact pressure 

Since it is important to take into account the contact pressure between the sphere-pac fuel 

and the cladding in the cladding integrity estimation, the maximum contact pressure on the 

cladding inner surface during each irradiation was computed by using the CEPTAR code. This 

contact pressure was computed as the equivalent stress by the CEPTAR code. The equivalent 

stress is generally used for converting the stress in the radial, circumferential and axial direction 

into the tensile stress, in case of deformation, i.e. plastic strain. Then the maximum radial, 

circumferential and axial cladding stress due to the contact between the fuel and cladding are 

also shown in Table 2.4-6 in addition to the contact pressure. This stress element was taken into 

account in the cladding integrity of the sphere-pac fuel segment only due to the absence of any 

gap between the fuel and the cladding.  

 

 

 

 

 

 

 

 

 

 

 

2.4.3.2  The stress caused by pressure difference 

The stress caused by pressure difference can be estimated from the cladding thickness, the 

cladding mean radius, and a difference between the inner and the outer pressure. The outer 

pressure was assumed as 0.1 MPa (1 bar). Based on the following assumption, the inner pressure 

was computed as the plenum pressure by using the CEPTAR code.  

# The initial pressure of enclosure helium gas is assumed as 0.1 MPa (1 bar). 

# All off-gas in the fuel and the insulation (assumed as nitrogen), which is retained the 

maximum specified as < 180 µ /gMOX or < 180 µ /gUO2, is released during irradiation. 

# Due to very short irradiation duration (< 132 hours), fission gas release is negligible.  

# The plenum temperature is assumed to be 100 °C.  

 

The results of plenum pressure computations are shown in Table 2.4-1. They are the same as 

for the welded zone integrity. The stress caused by pressure difference can be simply calculated 

from the following equations.  

2t

RmPa
Pm,

t

RmPa
Pm Z  

where, Pa is a difference between inner and outer pressure, Rm is the cladding mean radius, 

 

Irradiation Test Cladding Stress Upper Segment Lower Segment

Contact Pressure (MPa) 1.812 3.011 

Radial -3.337 -3.467 

Circumferential 34.752 36.243 

Initial Sintering  
& 

Restructuring 
Tests 

Stress Element 

Axial 13.336 16.772 
Contact Pressure (MPa) 1.171 2.634 

Radial -3.238 -3.221 

Circumferential 33.503 33.350 
PTM Tests 

Stress Element 

Axial 10.601 12.468 

Table 2.4-6  The stress caused by contact pressure (for sphere-pac fuel segment) 
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t is the cladding thickness, Pm  is the circumferential primary membrane stress, and Pm Z is the 

axial primary membrane stress. The calculation results of the stress caused by pressure difference 

are shown in Table 2.4-7.  

 

 

 

 

 

 

 

 

 

 

 

2.4.3.3  The stress caused by temperature difference 

The stress caused by temperature difference can be estimated from a temperature difference 

between the inner and the outer surface and the cladding property, such as Young’s modulus, 

thermal expansion coefficient and Poisson’s ratio. The cladding properties for PNC1520 are as 

follows:  

# Young’s modulus 

T7.508619917.9743E  (20 T 600) 

T12.000422613.0293E  (600 T 850)                (3) 

where, E is Young’s modulus in kg/mm
2
 and T is temperature in °C. 

# Thermal expansion coefficient 
4113724 T107.5039T101.6384T101.22440.0403T13.4239Tex  (4) 

where, Tex is average thermal expansion coefficient in 10
-6

/°C. T is temperature in °C. 

# Poisson’s ratio 

0.300   (T<450) 

50450-T0.0020.300  (450 T<500)        (5) 

100500-T0.0080.302  (T 500) 

where,  is Poisson’s ratio and T is temperature in °C. 

The temperature difference was estimated from the inner and the outer temperature at the 

peak power that were computed by using the CEPTAR code. The stress caused by the temperature 

difference between the inner and the outer cladding surface can be simply calculated from the 

following equations.  

QinQin,
-12

TrE
Qin Z  (6) 

Table 2.4-7  The stress caused by pressure difference 

 

For Initial Sintering Test & Restructuring Tests 
Segment Pa (MPa) Rm (mm) t (mm) Pm  (N/mm

2
) PmZ (N/mm

2
)

PF 0.15 3.54 0.33 1.58 0.79 
SPF 1.10 3.54 0.33 11.70 5.85 

For PTM Test 

Segment Pa (MPa) Rm (mm) t (mm) Pm  (N/mm
2
) PmZ (N/mm

2
)

PF 0.80 3.54 0.33 8.50 4.25 

SPF 1.08 3.54 0.33 11.49 5.84 

Note: PF means “Pellet Fuel”, and SPF means “Sphere-pac Fuel”.
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QoutQout,
-12

TrE
Qout Z                                     (7) 

where, E is Young’s modulus,  is thermal expansion coefficient,  is Poisson’s ratio and, 

Tr is the temperature difference between the inner and the outer cladding surface in °C. The 

calculation results of the stress caused by temperature difference are shown in Table 2.4-8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.3.4  Cladding integrity evaluation 

The summation of the stress caused by contact pressure, the stress caused by pressure 

difference and the stress caused by temperature difference is shown in Table 2.4-9.  

Based on these results, the cladding integrity was estimated with the same method as applied 

for MONJU fuel design. The primary stress (Pm) and the summation of the primary and the 

secondary stress (Pm+Q) was compared with the allowance stress of PNC1520. The estimation 

result of cladding integrity is shown in Table 2.4-10. In this table, the parenthesis < > represents 

the intensity of each stress. "Sm" and "Sy" represents the stress strength and yield stress of 

PNC1520, respectively. The allowance stress for the primary stress is Sm, and for the primary + 

secondary stress is Sy, as well as in the MONJU fuel design. The integrity for the primatry stress 

could be confirmed by <Pm> to Sm ratio, and for the primary + secondary stress could be done by 

<Pm+Q>max to Sy ratio. These ratios are usually called as "Design Ratio". 

As the results of cladding integrity estimation, the most critical segment would be the upper 

sphere-pac fuel segment. However, the design ratio for this segment was much less than 1.0, and 

the cladding integrity can be expected to be kept during the irradiation.  

 

 

For Initial Sintering Test & Restructuring Tests 
outer Qin  (N/mm

2
) QinZ (N/mm

2
) Fuel 

Type 
Segment 

inner 

mid-wall
(°C) 

E 
(N/mm

2
) (1/°C) 

Tr 
(°C) Qout  (N/mm

2
) QoutZ (N/mm

2
)

451.1 -102.56 -102.57 
PF Upper 

403.8 
429.3 163434 1.857x10

-5
47.3 0.300 

102.56 102.57 

444.6 -96.88 -96.88 
Upper 

400.0 
424.3 163826 1.856x10

-5
44.6 0.300 

96.88 96.88 

445.0 -97.75 -97.75 
SPF 

Lower 
400.0 

424.5 163810 1.856x10
-5

45.0 0.300 
97.75 97.75 

For PTM Test 
outer Qin  (N/mm

2
) QinZ (N/mm

2
) Fuel 

Type 
Segment 

Inner 

mid-wall
(°C) 

E 
(N/mm

2
) (1/°C) 

Tr 
(°C) Qout  (N/mm

2
) QoutZ (N/mm

2
)

673.3 -122.21 -122.21 
Upper 

614.1 
646.2 145586 1.946x10

-5
59.2 0.314 

122.21 122.21 

674.8 -125.28 -125.28 
PF 

Lower 
614.1 

646.8 145515 1.947x10
-5

60.7 0.314 
125.28 125.28 

626.7 -107.17 -107.17 
Upper 

575.6 
603.5 150611 1.921x10

-5
51.1 0.310 

107.17 107.17 

627.2 -108.21 -108.21 
SPF 

Lower 
575.6 

603.8 150575 1.921x10
-5

51.6 0.310 
108.21 108.21 

Note: PF means “Pellet Fuel”, and SPF means “Sphere-pac Fuel”.

Table 2.4-8  The stress caused by temperature difference 
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For Initial Sintering Test & Restructuring Tests 
Qinr (N/mm

2
) Qin  (N/mm

2
) QinZ (N/mm

2
)

Segment 
Pm  

(N/mm
2
) 

PmZ 
(N/mm

2
) 

Qoutr 
(N/mm

2
) 

Qout  
(N/mm

2
) 

QoutZ 
(N/mm

2
) 

0.00 -102.56 -102.56 
Upper PF 1.58 0.79 

0.00 102.56 102.56 
-3.34 -62.13 -83.55 

Upper SPF 11.70 5.85 
3.34 131.64 110.22 
-3.47 -61.50 -80.97 

Lower SPF 11.70 5.85 
3.47 133.99 114.52 

For PTM Test 
Qinr (N/mm

2
) Qin  (N/mm

2
) QinZ (N/mm

2
)

Segment 
Pm  

(N/mm
2
) 

PmZ 
(N/mm

2
) 

Qoutr 
(N/mm

2
) 

Qout  
(N/mm

2
) 

QoutZ 
(N/mm

2
) 

0.00 -122.21 -122.21 
Upper PF 8.50 4.25 

0.00 122.21 122.21 
0.00 -125.28 -125.28 

Lower PF 8.50 4.25 
0.00 125.28 125.28 
-3.24 -73.67 -96.57 

Upper SPF 11.49 5.74 
3.24 140.68 117.77 
-3.22 -74.86 -95.74 

Lower SPF 11.49 5.74 
3.22 141.56 120.68 

Note: PF means “Pellet Fuel”, and SPF means “Sphere-pac Fuel”. 

 

For Initial Sintering Test & Restructuring Tests 
Primary Stress Primary + Secondary Stress 

Segment <Pm> 
(N/mm

2
) 

Sm 
(N/mm

2
) 

<Pm>/Sm 
<Pm+Q>r-

(N/mm
2
) 

<Pm+Q> -z
(N/mm

2
) 

<Pm+Q>z-r
(N/mm

2
) 

<Pm+Q>max 
(N/mm

2
) 

Sy 
(N/mm

2
) 

<Pm+Q>max/Sy

101.97 0.79 101.77 Upper 
PF 

1.58 287.1 0.006 
104.14 0.79 103.35 

104.14 489.8 0.21 

47.10 27.27 74.36 Upper 
SPF 

11.70 287.3 0.041 
146.67 27.27 119.41 

146.67 490.4 0.30 

46.34 25.32 71.66 Lower 
SPF 

11.70 287.3 0.041 
149.15 25.32 123.83 

149.15 490.4 0.30 

For PTM Test 
Primary Stress Primary + Secondary Stress 

Segment <Pm> 
(N/mm

2
) 

Sm 
(N/mm

2
) 

<Pm>/Sm 
<Pm+Q>r-

(N/mm
2
) 

<Pm+Q> -z
(N/mm

2
) 

<Pm+Q>z-r
(N/mm

2
) 

<Pm+Q>max 
(N/mm

2
) 

Sy 
(N/mm

2
) 

<Pm+Q>max/Sy

113.71 4.25 117.96 Upper 
PF 

8.50 242.8 0.035 
130.72 4.25 126.47 

130.72 397.4 0.33 

116.78 4.25 121.03 Lower 
PF 

8.50 242.6 0.035 
133.79 4.25 129.53 

133.79 396.9 0.34 

58.95 28.64 87.59 Upper 
SPF 

11.49 260.0 0.044 
155.40 28.64 126.76 

155.40 430.0 0.36 

60.15 26.62 86.78 Lower 
SPF 

11.49 259.9 0.044 
156.27 26.62 129.64 

156.27 429.8 0.36 

Note: PF means “Pellet Fuel”, and SPF means “Sphere-pac Fuel”. 

Table 2.4-9  Total stress loading on the cladding at the peak power 

Table 2.4-10  Evaluation result of cladding integrity 
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2.4.4  Axial elongation 

The axial elongation of fuel stack and fuel pin were predicted. Concerning the pin integrity 

for the sphere-pac fuel pin (SPF-P12), it is necessary to confirm that the relative elongation of the 

fuel stack could be absorbed by "the small-spring" between the particle retainer and the special 

plenum sleeve as shown in Figure 2.4-7. The predicted axial elongation of fuel stack in P12U and 

P12L segment is shown in Table 2.4-11. 

The clearance of "the small-spring" is 0.8 mm (=1.5-0.7). As shown in this table, the relative 

fuel length change in the sphere-pac fuel segment will be 0.1 mm more than "small-spring" length. 

Since the conservative friction coefficient and the final power of 700 W/cm for sphere-pac fuel 

were used in this computation and sphere-pac fuel shows a considerable shrinkage potential under 

pressure, it is expected that the relative elongation of fuel stack during irradiation would be much 

smaller than the results in Table 2.4-12 and have no influence on pin integrity.  

In addition, the axial elongation of an overall pin during PTM test was also predicted in 

order to confirm that the expansion space of 15 mm in a shroud tube is sufficient. Since all fuel 

pins in this project will be irradiated in the shroud tube, which consists of a sample holder, it is 

important to predict the overall pin elongation during irradiation from a viewpoint of pin integrity. 

The computed results of overall elongation are shown in Table 2.4-12. As a result, since an overall 

elongation of 10 mm for SPF-P11 pin and of 12 mm for SPF-P12 was predicted, it is expected that 

this would be in the range of the expansion space in the shroud tube.  

 

 

 

 

 

 

Figure 2.4-7  Design of small-spring 

  
Small-Spring 
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2.4.5  Cladding diameter change 

The cladding diameter change during the PTM test was also predicted. The maximum 

cladding diameter change was less than 2.8%. Assuming the initial cladding diameter as the 

maximum within the fabrication tolerance (7.53 mm), this will expand up to 7.74 mm during the 

PTM test. Since this change is less than 7.87 mm (7.90±0.03 mm), which is the minimum 

diameter of spacer located at the middle of pin, a fuel pin and a shroud tube will not contact each 

other and a clearance between fuel pin and shroud tube will be kept. Consequently, the cladding 

diameter change is expected to have no influence on the pin integrity even during the PTM test.  

 

 

 

 

Pin ID  Segment ID 
Fuel 

type 

Segment 
elongation

*1
 

(%) 

Pin 
elongation

*2
 

(mm) 

P11U Pellet 1.102 
SPFP11 

P11L Pellet 1.106 
10 

P12U Sphere 1.252 
SPFP12 

P12L Sphere 1.258 
12 

*1: Elongation at 800 W/cm for SPFP11, and at 700 W/cm for SPFP12. 

*2: Calculated for each segment length from computed segment elongation. 

 

The upper sphere-pac fuel segment (P12U) 

 

Axial 
average 

temperature 
(°C) 

Th. 
Expansion 
coefficient 

(1/°C) 

Th. 
Expansion 

deformation
*2

(%) 

Computed
*3

 
Length 
change 

(%) 

Relative fuel 
length 

change 
(%) 

Relative 
fuel

*4
 length 

change 
(mm) 

Fuel stack 1614.52 1.775E-05 2.830 1.614 

Cladding 595.01 1.916E-05 1.102 1.252 
0.362 0.91 

The lower sphere-pac fuel segment (P12L) 

 

Axial 
average 

temperature 
(°C) 

Th. 
Expansion 
coefficient 

(1/°C) 

Th. 
Expansion 

deformation
*2

(%) 

Computed
*3

 
Length 
change 

(%) 

Relative fuel 
length 

change 
(%) 

Relative 
fuel

*4
 length 

change 
(mm) 

Fuel stack 1724.98 1.846E-05 3.147 1.608 

Cladding 596.75 1.917E-05 1.106 1.258 
0.350 0.88 

*1: The final power for SPFP12 pin was assumed as 700 W/cm as the conservative power. 

*2: Simply calculated from the axial average temperature and the thermal expansion coefficient of fuel and cladding. 

*3: Computed elongation taking into account the friction force between fuel and cladding (friction coefficient: 0.10). 

*4: Length change for the initial fuel stack length of 250 mm.  

Table 2.4-11  Results for the axial elongation at the final power
*1

 in PTM test 

Table 2.4-12  The axial elongation of pin 



ＪＮＣ ＴＹ８４００ ２００５‐００６

 ｜ 25 ｜

 

2.4.6  Impact of fuel seal disk (FSD) on the cladding 

A FSD (Fuel Seal Disk) made of tungsten is loaded into sphere-pac and vipac fuel segment. 

Especially in the vipac fuel segment, in order to prevent the intermixing taking place during the 

vibration filling, the FSD is placed at the boundary between insulator spheres (UO2) and MOX 

vipac fragments in addition to the outer end of the insulator region.  

By taking into account the cladding inner diameter to be delivered and the size of insulator 

spheres, the dimension of the FSD was designed to prevent the finest particle passing. However, 

due to the difference in thermal expansion coefficient between PNC1520 as a material for 

cladding and tungsten, the size of a gap between cladding and FSD during irradiation is expected 

to be extremely larger than as-fabricated size, because the FSD is located at the 

highest-neutron-flux position in the vipac fuel segment. This gap expansion allows a gas from 

insulator spheres to be released to the plenum, but it is foreseen (but the possibility is very low) 

that the finest vipac fragment goes into an enlarged FSD-cladding gap during irradiation, and it is 

concerned that this causes any impact on the cladding integrity after irradiation. In this section, the 

result of estimation of the FSD impact with FEM (Finite Element Method) is presented.  

 

2.4.6.1  Computation conditions 

Since the vipac fuel segment is used for the initial sintering test and the restructuring tests, 

the computation conditions can be assumed as follows:  

# Cladding outer temperature :  400 °C 

# Cladding inner temperature :  450 °C (corresponding to the fuel outer temperature) 

# MOX fuel fragment temperature :  530 °C  

 

Figure 2.4-8 shows the comparison of thermal expansion coefficients of cladding made of 

stainless steel (PNC1520), MOX fuel fragments with plutonium content of 20 wt% and 

oxygen-to-metal ratio of 1.97, and the FSD made of tungsten. The thermal expansion coefficient 

of tungsten is much lower than that of the other materials, i.e. PNC1520 and MOX, as shown in 

this figure. Therefore, the thermal expansion deformation (expansion during irradiation and 

shrinkage after irradiation) of the FSD is not taken into account for the conservative evaluation.  

The system used in this computation with FEM is shown in Figure 2.4-9. 

Two-dimension-system (2D-system) on x-y surface and a three-dimension-system (3D-system) is 

used. In this figure, Lgap during irradiation should be determined by taking into account thermal 

expansion deformation of cladding, of which as-fabricated inner and outer diameter are 6.70 mm 

and 7.50 mm, respectively, and a MOX fuel fragment. When the cladding temperature is 425 °C, 

the cladding inner diameter expands by approx. 50 m. In addition, since the as-fabricated FSD 

has the maximum diameter of 6.670 mm and the minimum of 6.655 mm, the maximum and the 

minimum size of the as-fabricated FSD-cladding gap is foreseen to be 0.049 mm and 0.005 mm 

by taking into account the maximum and the minimum cladding inner diameter of 6.704 mm and 

6.675 mm. Therefore, the maximum size of the MOX fuel fragment is expected to be approx. 
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0.100 mm, that is almost the same as the FSD thickness. The detailed calculation of the 

FSD-cladding gap size is shown in Table 2.4-14. Consequently, Lgap can be assumed as 0.1 mm in 

this computation.  

Then, these systems are cooled down to room temperature (20 °C), and the stress due to 

thermal shrinkage can be evaluated by taking into account only elastic deformation. Creep 

deformation is not taken into account in this computation, because the temperature is too low for 

creep deformation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.4-9  System for analysis with FEM 

Figure 2.4-8  Comparison of thermal expansion coefficients 
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2.4.6.2  Properties 

The properties of PNC1520, MOX and tungsten are as follows: 

# Young’s Modulus 

PNC1520:  80665.9T5086.79743.19917E  

MOX:  80665.903.103.210636.6929.020789 24TTE  

Tungsten:  51045.3E  

where E is Young’s modulus in N/mm
2
 and T is temperature in °C.  

# Poisson’s Ratio 

PNC1520:  T<450 300.0  

  450<T 500 50)450(002.0300.0 T  

MOX:     28.0  

Tungsten:     284.0  

where  is Poisson’s ratio and T is temperature in °C.  

#Thermal Expansion Coefficient 

PNC1520 :  
4113724 T107.5039T101.6384T101.22440.0403T13.4239  

where  is thermal expansion coefficient of PNC1520 in 10
-6

/°C. T is temperature in °C.  

MOX:  
222 UOPuOU)O(Pu, Pu)(1Pu  

21696

PuO T1011.14T104.302108.496
2

 

21396

UO T103.42T105.162107.107
2

 

00.2/1.51 MO  

where 
2),( OUPu , 

2PuO  and 
2UO are the thermal expansion coefficients of MOX, PuO2 

and UO2, respectively, Pu is the fractional plutonium content, O/M is the oxygen-to-metal 

ratio and T is the temperature in °C.  

 

2.4.6.3  Computation with FEM  

The deformation and stress due to thermal shrinkage after irradiation was computed with 

FEM in accordance with the computation conditions mentioned above.  

# 2D-system (X-Y surface) 

Figure 2.4-10 shows the contour of deformation due to thermal shrinkage in the 2D-system. 

FSD-cladding gap 
 Specification As-fabricated 

max min 
max 6.670 mm 

FSD diameter 6.65±0.015 mm
min 6.655 mm 

max 6.704 mm Cladding inner 
diameter 

6.70±0.03 mm
min 6.675 mm 

0.049 mm 0.005 mm

Table 2.4-13  As-fabricated size of FSD-cladding gap 
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The whole system shrank due to the temperature decreasing to room temperature (20 °C). Due to 

the restriction on the X-axis, the cladding radius was decreased by approx. 48 m in the Y 

direction.  

Figure 2.4-11 shows the contour of compression stress due to thermal shrinkage with a fuel 

fragment in the FSD-cladding gap. As a result, a maximum compression stress over 70 kg/mm
2
 

dvelopped at each boundary (FSD/fuel fragment, fuel fragment/cladding).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.4-11  Contour of compression stress in 2D-system 

Figure 2.4-10  Contour of shrinkage in 2D-system 
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# 3D-system (X-Y-Z) 

Figure 2.4-12 shows the contour of deformation due to thermal shrinkage in the 3D-system. 

The whole system shrank, and the cladding radius decreased by approx. 44 m on the Y-axis as 

well as the result in 2D-system.  

Figure 2.4-13 shows the contour of compression stress due to thermal shrinkage with a fuel 

fragment in the FSD-cladding gap. The great compression stress over 90 kg/mm
2
 originated from 

the edge of the FSD. Therefore, a fuel fragment that fall into the FSD-cladding gap during 

irradiation would be compressed by great stress after irradiation. 

It is well known that UO2 is very brittle below 1,200 °C, which is approximately half of the 

melting temperature, and would breake without any plastic deformation. Therefore, the elastic 

limit can be assumed as the compression strength. The elastic limit for MOX is expected to be 

lower than that for UO2 at high temperature because of the difference in diffusion coefficient 

between uranium and plutonium. However, the elastic limit of MOX is similar to that of UO2 at 

room temperature that is approx. 65 kg/mm
2
.  

Consequently, since the compression stress loaded to a fuel fragment in the FSD-cladding 

gap was much greater than the compression strength of 65 kg/mm
2
 as the results of computation 

with FEM in the 2D- and the 3D-system, the fuel fragment would break. In addition, since the 

recrystallization of the FSD made of tungsten was not taken into account in this computation, it is 

foreseen that the fuel fragment or the FSD would break after irradiation without affecting the 

cladding integrity in case the fuel fragment falls into the FSD-cladding gap during irradiation.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.4-12  Contour of shrinkage in 3D-system 
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Figure 2.4-13  Contour of compression stress in 3D-system 
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2.5  Fabrication evaluation 

2.5.1  Inspection method for plutonium-rich particles with -autoradiography 

2.5.1.1  Concept of plutonium-rich particle 

Plutonium-rich particles would be usually 

produced in fabricated MOX fuel pellets. This is 

expected to cause local power increase, fission 

gas generation and release in a pellet. From a 

viewpoint of MOX pellet integrity, it is important 

to specify the thermal effect of existing 

plutonium-rich particles.  

Plutonium-rich particles generally locate at 

any place and have any PuO2 content within a 

pellet. For fuel pellets of MONJU and JOYO, the 

size and PuO2 content of a plutonium-rich 

particle is restricted so that the thermal effect of 

any Pu-rich particle should be equivalent to that 

of a particle of pure PuO2 and a standard diameter of 100 m, which is located at the center of a 

pellet as shown in Figure 2.5-1. In order to keep the integrity, the thermal effect on the 

surrounding matrix should be restricted. In the specification for this project, the standard diameter 

of pure PuO2 particles should be fixed to100 µm comparable to JOYO and MONJU fuel 

specifications. The concept of these specifications is as follows:  

Applying the one-dimensional steady thermal transmission model, fuel matrix temperature 

Tmatrix(r) at a distance of radius r (mm) from the center of a pellet can be generally calculated from 

the following equation.  

r

r
ln

k2

q
T(r)T o

f

matrix
fomatrix  (1) 

where Tfo is the pellet outer temperature in °C, ro is the pellet outer radius in mm, kf is the 

fuel thermal conductivity at a distance of radius r from the center of a pellet in W/cm
2
·°C, and 

qmatrix is the linear power density in W/cm. In case of pure PuO2 locates at the center of a pellet 

with radius r, the surrounding matrix temperature Tps(r) can be calculated from the following 

equation. 

r

r
ln

Pu

100

k'2

q
T(r)T o

f

matrix
fops  (2) 

where Pu is PuO2 content of the surrounding matrix, and k'f is the fuel thermal conductivity 

in case a plutonium-rich particle exists. From the equation (1) and (2), the temperature difference 

between a case with a plutonium-rich particle and without such a particle can be calculated as 

follows: 

MOX Fuel Matrix 

PuO2 Particle 

MOX Fuel Pellet 

Figure 2.5-1  Pu-rich particle concept 
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In the case an equivalent plutonium-rich particle with a PuO2 content of PS and diameter of 

r' is placed at the identical position, the temperature increase due to the the plutonium-rich particle 

can be calculated from the following equation:  

1
Pu

PS

'k

k

'r

r
ln

r

'r

k2

q
T o

2

matrix

f

f

f

 (4) 

As the difference in fuel thermal conductivity between the case with plutonium-rich particle 

and without is negligible, ff 'kk  is assumed. In addition, the PuO2 content of PS can be 

calculated from the following equation by using the relation of equation (3) and (4).  

PuPu100
)'r/rln(

)r/rln(

'r

r
PS

o

o

2

 (5) 

This equation can be represented as the following by using not radius but diameter.  

PuPu100
)d/Dln(

)D/Dln(

d

D
PS Pu

2

Pu  (6) 

where d is the plutonium-rich particle diameter in µm, D is the pellet outer diameter in µm, 

and DPu is the standard diameter. As the standard diameter in this specification is 100 µm as 

mentioned above, the equation (6) is as the following equation.  

PuPu100
)d/Dln(

)100/Dln(

d

100
PS

2

 (7) 

where PS (wt%) is the upper limit of PuO2 content in a plutonium-rich particle, D is the 

pellet outer diameter in µm, and Pu is the PuO2 content in the MOX fuel matrix. 

 

2.5.1.2  Inspection limit 

Based on the discussion above, the PuO2 content of the measured diameter of a 

plutonium-rich particle should be restricted to the content calculated from equation (7).  

As shown in this equation, the upper limit of PS is depends on D and Pu. Therefore, the 

accurate upper limit can be calculated by using the measured d, D and analyzing Pu of a sample 

for plutonium distribution inspection. In case the geometry of the particle is elliptic, the 

equivalent diameter calculated from the short and long diameter should be used as d.  

For example, when the pellet diameter D is 6,500 µm and the PuO2 content Pu is 20 wt%, 

the equivalent curve of the PuO2 content in the plutonium-rich particle, which is calculated from 
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equation (7), is shown in Figure 2.5-2. In this figure, the equivalent content estimated by finite 

element analysis is also plotted as round symbols. In the inspection for fabricated pellets, the 

PuO2 content in plutonium-rich particles should be compared with the inspection limit taking 

into account the experimental accuracy of -radiography.  

In this section, the principles of the measurement of the PuO2 content included in 

plutonium-rich particles and the inspection limit of the PuO2 content are discussed. The 

inspection limit for the plutonium distribution in pellets can be calculated from equation (7). 

In the inspection for fabricated pellets, the PuO2 content in plutonium-rich particle should 

be compared with the inspection limit taking into account the experimental accuracy of 

-radiography. 

 

 

2.5.2  Impact of impurities included in plutonium powder 

2.5.2.1  Purpose for impurity specification 

Based on the following reason, the impurities in the fast reactor are specified.  

# Prevention of cladding carbonization and production of carbon-14: 

- C (carbon) 

- N (nitride nitrogen) 

# Prevention of cladding corrosion: 

- Cl (chlorine) 

- F (fluorine) 

 

(Pellet diameter: 6.5 mm, Matrix content: 20 wt% PuO2)

0

10

20

30

40

50

60

70

80

90

100

100 200 300 400 500 600 700 800 900 1000

Pu-rich Particle Size (µm)

E
q

u
iv

a
le

n
t 

P
u

O
2

 C
o

n
te

n
t 

(w
t%

)

Figure 2.5-2  Equivalent curve of PuO2 content 
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# Indication of fabrication process control: 

- Al (aluminum) 

- Mo (molybdenum) 

- Fe (iron) 

- Cr (chromium) 

- Ni (nickel) 

 

The other element impurities don’t have to be defined, provided that the total impurity 

should not exceed 10,000 µg/g to avoid the reduction of melting temperature and thermal 

conductivity. On the other hand, good irradiation performance has been obtained with JOYO fuels, 

of which the impurity specification is ~8,000 µg/g. Therefore, it is expected that the total impurity 

content up to 10,000 µg/g would have no significant influence on the irradiation behavior.  

However, the content of critical element, such as gadolinium (Gd), cadmium (Cd) and boron 

(B), in the PuO2 powder should be measured and each of them should not exceed 3 µg/g (ASTM 

C757). In ASTM C833 standards for sintered (uranium-plutonium) dioxide pellets, the total 

equivalent boron content (EBC) is restricted so as not to exceed 4.0 µg/g on a heavy metal basis 

for thermal reactor use.  

According to ASTM standards, the total EBC for the FUGEN fuel has been also restricted to 

4.0 µg/g.  

Actual amount of impurities in the irradiation test fuel is shown in 3.1 to 3.4. 

 

2.5.2.2  Influence on fabrication process & irradiation behavior 

The PuO2 powder of lot No.P-18 was planned to be used as the raw material for the fuel 

fabrication. Because it contained much calcium impurity (750 µg/g), the influence on the 

irradiation behavior was discussed. As the result, it was concluded that a total impurity content 

up to 10,000 µg/g would not cause a significant influence.  

However, in case of the use of the P-18 powder, since the HFR is a thermal reactor, the 

discussion on the neutronic influence of the EBC (i.e. power distribution due to self-shielding) is 

also necessary to complete the irradiation test successfully. According to ASTM C1233, the EBC 

factor for calcium is 0.0002. Therefore, the EBC for the calcium content of 750 µg/g is calculated 

as 0.003 (=0.0002×750×0.02). This value is suitably small, and the calcium impurity in the P-18 

powder causes no neutronic problem.  

In addition, in case of the use of the P-18 powder, the content of Gd, Cd and B, is 0.13 µg/g, 

0.13 µg/g and 15 µg/g in maximum, respectively. According to ASTM C1233, the EBC factor of 

Gd, Cd and B is 4.3991, 0.3172 and 1.00, respectively. Taking into account the EBC factor and the 

content of Gd, Cd and B in P-18 powder, the EBC reaches approx. 3 µg/gMOX (with Pu content 

of 20 wt%). Therefore, it is important to evaluate the neutronic influence of Gd, Cd and B 

included in the P-18 powder.  



ＪＮＣ ＴＹ８４００ ２００５‐００６

 ｜ 35 ｜

 

Consequently, the use of the P-18 powder has no influence on the fabrication and the 

irradiation behavior from experiences in JNC. However, it is necessary to confirm the influence of 

EBC of 3 µg/gMOX on the power distribution beforehand.  

The major results of discussion in this section are as follows:  

# A total impurity content up to 10,000 µg/g has significant influence on the irradiation 

behavior according to the experience in irradiation tests in JOYO.  

# The calcium impurity (750 µg/g) in the P-18 powder has no influence on the fabrication 

process according to the experiences in JNC.  
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2.6  Conclusions 

# Fuel behaviour 

- Imitation of fast rector condition :  

In order to study the fuel behavior under fast reactor irradiation, the radial temperature 

profile in the fast reactor fuel was planned to be imitated in the range of ±50 ºC when the 

power and the cladding outer temperature was controlled at 530 W/cm and 400 ºC 

respectively. Especially in the PTM test, the boundary condition between fuel and cladding 

was imitated in the final power ramp by controlling the power and the cladding outer 

temperature in addition to the radial temperature profile in the pre-irradiation.  

- Fuel centre temperature:  

As the result of thermal computations with CEPTAR, the maximum fuel centre 

temperature was evaluated to be approx. 2450 ºC in the sphere-pac fuel and approx. 2150 ºC 

in the pellet fuel in the initial sintering test, the restructuring tests, and the pre-irradiation in 

the PTM test.  

- Restructuring:  

The relative diameter of the central void in the sphere-pac fuel was estimated as approx. 

21% in the initial sintering test, while only grain growth was expected to take place in the 

pellet fuel. In the first restructuring test, the relative central void diameter in the sphere-pac 

fuel and the pellet fuel would reach approx. 32% and 2%, respectively. This would be 

approx. 33% and approx. 6% in the second restructuring test.  

- Melting region:  

The relative melting diameter to the fuel outer diameter in the sphere-pac fuel and the 

pellet fuel in the PTM test was estimated to approx. 36% and approx. 15%, respectively. The 

axial melting region in the upper and the lower segment would reach 25 mm each in both 

case of sphere-pac fuel and pellet fuel.  

 

# Integrity 

- Welded zone and cladding integrity :  

Since the stress to be loaded on the welded zone and the cladding was estimated as less 

than the allowance stress, the welded zone and the cladding integrity were expected to be 

maintained during irradiation tests.  

- Axial elongation:  

The axial elongation of the fuel stack during irradiation was expected to be absorbed by 

the “small-spring” between the special plenum sleeve and the particle retainer. In addition, 

the axial overall elongation of the pin during irradiation was expected to be less than the 

clearance between the fuel pin and the shroud tube.  
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- Cladding diameter change:  

The cladding diameter change during irradiation, which was mainly caused by thermal 

expansion in this project, was estimated to be less than the diameter of the spacer at the 

connected joint between the upper and the lower segment. Therefore, the clearance between 

the fuel pin and the shroud tube was expected to be sufficient.  

- Impact of FSD:  

Since the compression stress loaded to a fuel fragment in the FSD-cladding gap was 

much greater than the compression strength of 65 kg/mm
2
 as the result of computation with 

FEM in a 2D- and a 3D-system, the fuel fragment was expected to break. In addition, since 

the recrystallization of the FSD made of tungsten was not taken into account in this 

computation, it was foreseen that fuel fragment or the FSD would break after the irradiation 

without affecting the cladding integrity in case the fuel fragment goes into the FSD-cladding 

gap during irradiation.  

 

 

[1] T.Ozawa, H.Nakazawa, et al.: “Design report of fuel pins for FUJI project among PSI,NRG and JNC”, 

JNC TY8410 2003-002 (2003) 

[2] T.Ozawa, H.Nakazawa, et al.: “Fabrication Drawings of Fuel Pins for FUJI Project among PSI JNC and 

NRG -Revised Edition 3-“, JNC TY8410 2003-001 (2003) 
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3  FABRICATION OF IRRADIATION TEST PINS 

3.1  MOX sphere fabrication for SPF segments[1] 

Three sizes of 20%Pu-MOX sphere, 800 m, 190 m, 70 m were fabricated by internal 

gelation process for SPF segments. The fractions of 800 m and 70 m were for infiltration 

packing. 800 m and 190 m were for simultaneous packing. 

 

3.1.1  Material solution 

PuO2 powder (PSI code: P-18) and depleted UO2 powder supplied by BNFL (PSI code: 

U-0030) was applied for the fuel fabrication.  

The starting metal solutions were prepared from oxide powders dissolved in nitric acid. 

The dissolution often results in a high nitrate to metal ratio, which has to be neutralized by 

ammonia to result in a solution that is adequate for gelation. Uranyl nitrate, plutonium nitrate 

were prepared in the specified proportions to result in a mixed metal nitrate solution. The 

targeted metal proportions were 20% Pu to 80% U. The nitrate to metal ratio was adjusted to 

about 1.9 mol·mol
-1

 with a metal concentration of 1.4 mol·kg
-1

. This metal solution was then 

blended with a cooled hexamethylenetetramine (HMTA) + urea solution to result in a feed 

solution with a metal concentration of about 0.8 mol·kg
-1

 and a HMTA to metal concentration of 

1.3 mol·mol
-1

. The same concentration was targeted for the urea component. The feed solution 

was cooled to about 0°C. The temperature of the feed solution could not directly be measured, 

but only be narrowed down by the temperature sensors T
c
1 and T

c
2 of the cooling circuit (see 

Figure 3.1-1). 
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Figure 3.1-1  Gelation unit without chlorothene and ammonia distillation 

 

 

3.1.2  Gelation to washing 

3.1.2.1  Description of the process 

A capillary generates droplets, which fall into hot silicon oil. Within the oil the droplets 

transform into spheres and solidify. Depending on the targeted sphere size, the capillary diameter 

is adjusted and a vibration is applied. A filtering and cleaning process follows, where an organic 

solvent (chlorothene) removes the remaining liquid on the spheres. The gelation process is 

accomplished by a final washing step, where the residual reaction products and excess of nitrate 

are removed by a diluted ammonia solution.  

 

3.1.2.2  Parameters 

The following MOX gelation was performed. For the coarse fraction, the gelation batches 

identified with G-20P-00Np-003-827, G-20P-00Np-003-831, G-20P-00Np-003-832 and 
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G-20P-00Np-003-833 were produced. The first three were produced from the 

M-20P-00Np-003-166 metal solution, the forth one from M-20P-00Np-003-167. The gelation 

batches for the fine MOX fraction were G-20P-00Np-003-835 and G-20P-00Np-003-836 and 

finally for middle fraction, which was used for the parallel filled pins, G-20P-00Np-003-841. 

Both fine and middle fraction gelation batches were produced from the M-20P-00Np-003-167 

metal solution. 

The temperature of the feed solution is an important parameter. A high temperature might 

cause a gelation of the feed solution within the feed vessel, the tubing system or the nozzle. 

Therefore all of these parts were cooled to a temperature between 2 and 4°C, the temperatures of 

the coolant in the cryostat (T
C

1) and the coolant temperature returning to the cryostat (T
C

2) was 

measured. T
C

1 represents a lower and T
C

2 an upper possible temperature of the cooling circuit. The 

flow rate together with the nozzle diameter is important to adjust the sphere diameter. The nozzle 

diameter for the coarse fraction was 700 m, for the middle fraction 350 m and in case of the fine 

fraction it was 120 m. The flow rate in case of the coarse fraction was about 5 g·min
-1

, 30 g·min
-1

for the middle fraction  and 4 g·min
-1

for the fine. A gelation-batch specific list of the 

temperatures and flow rates is shown in Table 3.1-1. The oil temperature is also a very important 

parameter in the production process. The speed of gelation depends on the temperature. If it is too 

low, the spheres are not well formed, often having an ellipsoidal shape. On the other hand, too 

high temperature enhances the internal gas pressure in the sphere and therefore could cause the 

formation of pores. Table 3.1-1 also shows the gelation-batch specific temperatures of the silicon 

oil.  

 

Table 3.1-1  Gelation parameters 

Temperature and flow rates of feed solution 

Gel. batches: coarse fine middle 

G-20P-00Np-003- -827 -831 -832 -833 -835 -836 -841 

Flow rate [g·min
-1

] 4.7 4.9 5.5 5.8 4.1 4.1 29.5 

Temp. T
C

1   [°C] 0 0 -1 -1 -1 -1 -1 

Temp. T
C

2   [°C] 4 2 3 3 2 2 1 

Temp. T
O

2/3  [°C] 103 104 104-105 104 104-106 105-106 104 

 

 

3.1.3  Drying, calcinations and sintering process 

3.1.3.1  Description of the process 

The spheres are dried in hot air and calcined in Ar-7%H2 at 600°C, where the hydroxides 

are transformed into oxides. Finally the spheres are sintered in a reducing atmosphere of Ar-7% 

H2 at 1400°C for 4 h. For adjusting the O/M ratio the atmosphere is humidified. For the sintering 



ＪＮＣ ＴＹ８４００ ２００５‐００６

 ｜ 41 ｜

process different gelation batches that have been dried and calcined are split into three to four 

sub-batches. This allows a better control of the effective temperature treatment of the spheres. 

The sintering batches are then reunited to the original gelation batch, the following Table 3.1-2, 

3.1-3 summarize the batch number being blended. 

 

Table 3.1-2  List of blended batches representing the coarse sphere fractions 

Mixture O-20P-00Np-003-1079 O-20P-00Np-003-1094 O-20P-00Np-003-1099 O-20P-00Np-003-1100

Original O-1076, O-1078 O-1067, O-1068 O-1075, O-1077 O-1083, O-1084 

batches O-1080 O-1070, O-1071 O-1081, O-1082 O-1085, O-1086 

 

 

 

Table 3.1-3  List of blended batches representing the fine and middle fractions 

Mixture O-20P-00Np-003-1101 O-20P-00Np-003-1102* O-20P-00Np-003-1124* 

Original O-1092, O-1093 O-1096, O-1097 O-1122, O-1123 

batches O-1095 O-1098  

 

 

3.1.3.2  Parameters 

One of the most sensitive parameters to set in the sintering process is the O/M ratio. Many 

trials were necessary to adjust the humidification during the process, to target the right O/M 

process. Generally the O/M ratio turned out to be too low according to the specification. The 

humidification was therefore prolonged into the cooling phase, to reach an elevation of the 

oxidation state. 

 

3.1.4  Characterization 

3.1.4.1  Sphere sizes 

The correct dimension of the spheres is important to fit the aspired smear density of the 

fuel in the pin. The size of the particles can be adjusted by the choice of the appropriate feed 

nozzle and - for the medium and small spheres - the frequency of the drop generator. 

A glass plate was covered with a single layer of spheres. This preparation was then placed 

on an optical light microscope; the image was detected by a digital camera and evaluated by 

electronic image analysis.  The evaluation was performed with an automated routine written in 

LabView. Only spheres which could be characterized by the program were considered for the 

evaluation. If the contrast against the background was too low, or if the border between two 

particles could not be detected, the spheres were excluded from evaluation. 
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Figure 3.1-2, -3 show automated particle detections. The surface of the particles was 

detected plus the axis lengths of the corresponding ellipses, the orientation angles and other 

parameters. The diameter was calculated from the particle surface, assuming a circle, and the 

ellipticity was calculated from the ration of the large to the short axis of the ellipse.  

 

(a)  (b)  (c)  

(a) is the original picture. (b) is the threshold picture after particle separation and removal of 

the border elements. (c) shows the particles which were effectively taken into account for the 

analysis. Here a limitation to a certain surface range was used to eliminate non-valid particles.  

Figure 3.1-2  Analysis process example of the coarse fraction (picture SB03019-02) 

 

(a)  (b)  (c)  

(a) is the original picture. (b) is the threshold picture after particle separation, removal of the 

border elements and setting of a ROI (region of interest). (c) shows the particles which were 

effectively taken into account for the analysis. 

Figure 3.1-3  Analysis process example of the fine fraction (picture SB03020-07) 
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(1) Coarse fraction 

The pictures analyzed for the final blend of the MOX coarse fraction (see Figure 3.1-7). 

Table 3.1-4 summarizes the results and Figure 3.1-4 shows a graphical representation. From 15 

pictures of 77 spheres were analyzed. 

 

Table 3.1-4  Sphere size characterization of the final coarse batch 

Number of particles [-] 77 

Diameter characterization [mm] 

Average diameter 0.776 

Smallest diameter 0.725 

Largest diameter 0.814 

Std Dev of diameter 0.02 

Ellipticity characterization [-] 

Average ellipticity 1.085 

Smallest ellipticity 1.017 

Largest ellipticity 1.222 

Std Dev of ellipticity 0.04 
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Figure 3.1-4  Sphere size distribution of the coarse fraction 
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(2) Middle fraction 

The pictures analyzed for the final blend of the MOX middle fraction (see Figure 3.1-8). 

Table 3.1-5 summarizes the results and Figure 3.1-5 shows a graphical representation. From 20 

pictures of 101 spheres were analyzed. 

 

Table 3.1-5  Sphere size characterization of the final middle batch 

Number of particles [-] 101 

Diameter characterization [mm] 

Average diameter 0.195 

Smallest diameter 0.175 

Largest diameter 0.206 

Std Dev of diameter 0.01 

Ellipticity characterization [-] 

Average ellipticity 1.067 

Smallest ellipticity 1.024 

Largest ellipticity 1.202 

Std Dev of ellipticity 0.03 
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Figure 3.1-5  Sphere size distribution of the middle fraction 
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(3) Fine fraction 

The pictures analyzed for the final blend of the MOX fine fraction (see Figure 3.1-9). 

Table 3.1-6 summarizes the results and Figure 3.1-6 shows a graphical representation. From 10 

pictures of 211 spheres were analyzed. 

 

Table 3.1-6  Sphere size characterization of the final fine batch 

Number of particles [-] 211 

Diameter characterization [mm] 

Average diameter 0.067 

Smallest diameter 0.058 

Largest diameter 0.074 

Std Dev of diameter 0.003 

Ellipticity characterization [-] 

Average ellipticity 1.090 

Smallest ellipticity 1.043 

Largest ellipticity 1.306 

Std Dev of ellipticity 0.041 
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Figure 3.1-6  Sphere size distribution of the fine fraction 
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Figure 3.1-7  Ceramograph of MOX spheres as polished (coarse) 

 

Figure 3.1-8  Ceramograph of MOX spheres as polished (medium) 

 

Figure 3.1-9  Ceramograph of MOX spheres as polished (fine) 
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3.1.4.2  Density measurement 

The density was measured by gas immersion with a helium pycnometer. The measurement 

was performed under difficult conditions, because the pycnometer was in a glove box, where the 

pressure varied unpredictably. All fractions showed high densities. However, in case of the 

coarse MOX fraction, one gelation batch showed an unacceptable low density. It is possible that 

a high oil temperature caused an elevated internal gas pressure during gelation, and that more 

pores were formed. The oil temperature in this case was 104-105 ºC, thus it was higher than for 

any other gelation batch of coarse MOX spheres. Table 3.1-7 summarizes the results. The 

low-density coarse MOX batch had a density of 92%TD. Only a small fraction of this batch was 

used for the final product. Consequently the blended MOX sphere product fulfilled the 

production specification. The theoretical density used to calculate the relative densities was 

derived from an equation, which is used by JNC for the inspection of MOX fuel density: 

)2(5.248.0
2

xTDyTD UOMOX      

with:  x:  O/M ratio 

y:  PuO2 fraction in MOX 

2UOTD
:Theoretical density UO2 (10.96 g/cm3) 

 

Theoretical densities calculated with the lattice parameter measured by PSI were about 0.5 

to 0.8% higher than the reported value. Consequently the corresponding relative densities were 

reduced by this amount. 

 

Table 3.1-7  Densities of the final blends 

Fractions: 

coarse middle fine 

Relative densities [%] 

96.6 100.0 99.7 

(-0.7, +0.4) (-0.7, +0) (-0.7, +0.3) 

 

 

3.1.4.3  Oxygen, nitrogen, hydrogen and carbon content 

The nitrogen and oxygen content was measured by hot extraction using an O-,N- analyzer 

LECOTC-436, the carbon content by hot extraction using the C analyzer LECO-IR-412 and the 

hydrogen content by hot extraction using the H analyzer RH404. All of the equipments were 

installed in a glove box with nitrogen atmosphere. In order to have a better overview, the 

comparison of the specified maximal impurities and the real values are put together in the Table 
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3.1-19, -20, -21. The C, N, O and H results are also summarized below. Beside the impurity 

content of C and N, the volatile impurities and the moisture were specified. These values were 

calculated from the N and H values and were given in the above table. The moisture was simply 

calculated by the H content, and the volatile products in the specified unit were calculated by the 

molar volumes of the N and H content. The volatile impurities were above the specified values. 

 

Table 3.1-8  Coarse spheres O-, N-, H- and C content 

0-20P-05Np-003-1109 

coarse 

N O C H 

[%] [%] [%] [ppm] 

0.0449 13.2410 0.0285 3.1025 

±0.0043 ±0.1237 ±0.0050 ±0.6925 

 

 

 

Table 3.1-9  Middle spheres O-, N-, H- and C content 

 

 

 

 

 

 

 

 

 

Table 3.1-10  Fine spheres O-, N-, H- and C content 

 

 

 

 

 

 

 

 

0-20P-05Np-003-1124  

middle  

N O C  H  

[%]  [%]  [%]  [ppm]  

0.0326  13.0377 0.0134 8.2725 

±0.0109  ±0.1156 ±0.0033 ±2.9552 

0-20P-05Np-003-1110  

fine  

N O C  H  

[%]  [%]  [%]  [ppm]  

0.0514  12.7102 0.0265 4.4050 

±0.0011  ±0.5340 ±0.0015 ±0.4550 
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Table 3.1-11  Derived moisture and volatile products 

O-20P-00Np-003 

-1109 -1124 -1110 sample specification

coarse middle fine 

moisture [ppm] 

volatile impurities [µl·gMOX
-1

]   

<

<

150 

180 

27.7 ± 6.2 

393.8 ± 42.1

73.9 ± 26.4 

352.8 ± 120.1 

39.4 ± 4.1 

460.3 ± 13.9

 

 

3.1.4.4  Composition by titration 

The nitrate content of the starting nitrate solutions was measured with Metrohm 736 GP 

Titrino equipment and was evaluated with the TiNet software. For clarity the results of 

impurities are all summarized together with the results found by ICP-MS, see Table 3.1-12, -13 

for the nitrate content of P-P18-098,-099 and U-03-100 respectively. 

 

3.1.4.5  Impurities by pyrohydrolysis 

The fluorine and chlorine impurities were measured by pyrohydrolysis. The solutions were 

prepared by the standard method. The ion-chromatography was performed with Dionex AL450 

equipment. For clarity the results of impurities are all summarized together with the results 

found by ICP-MS, see Table 3.1-19, -20, -21 for the Cl and F content of O-20P-00Np-003-1109 

(coarse fraction), O-20P-00Np-003-1124 (middle fraction) and O-20P-00Np-003-1110 (fine 

fraction) respectively. 

 

3.1.4.6  Composition by ICP-MS 

The power of the fuel directly depends on its fissile fraction. Therefore the analysis of the 

composition is important to guarantee the right Pu content in the fuel. 

1) Dissolution procedure 

In order to be able to proceed the ICP-MS with the spectrometer available at PSI hot 

laboratory, the samples must be dissolved (except for the already fluid Pu, U and Np starting 

nitrate solutions). It was found, that the same recipes being successful for the pellet samples, 

often failed for the spheres. It was very difficult to dissolve the sintered spheres. Calcined 

spheres originating from each metal solution and sintered spheres form the final charges were 

dissolved and analyzed. It is supposed that the sintering procedure does not change the Pu 

content. Calcined spheres from each metal solution were analyzed. The ICP-MS results of the 

calcined spheres are presented in Table 3.1-14. The results of the sintered spheres can be found 

in Table 3.1-15, 16, 17. For cross checking the results of the calcined and the sintered spheres it 

might be helpful to know that the coarse MOX fraction is composed of 63% spheres descending 
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from M-20P-00Np-003-166, and the rest from M-20P-00Np-003-167. The fine and middle 

MOX fractions are completely descending from M-20P-00Np-003-167. 

2) Dissolution recipes for the calcined samples 

A small amount of the sample was chopped in an agate mortar. Around 100 mg of it was 

exactly weighed into an Erlenmeyer flask. 6 ml of nitric acid (65 wt%) and 2 ml of hydrogen 

peroxide were added and then cooked (on an electric heating plate under reflux) until the sample 

changed into a clear, green solution. No residue was visible. 

3) Dissolution recipes for the sintered samples 

The samples were pulverized in an agate mortar as fine as possible. 100 mg were then 

quantitatively weighed into a quartz flask where 2 ml H2O2 30%, 9 ml HCl 30%, 1 ml HNO3 

65%, and 3 drops of HF 40% were added. This mixture was then boiled under reflux. The 

solution was quantitatively filled into a PE-bottle and diluted gravimetrically. For each sample 

three independent dissolutions and dilutions were performed. 

4) ICP-MS analysis 

The targeted Pu content of the dilution process was 50 µg/kg. As an internal standard a 

mixture of bismuth and indium was added in the same concentration. A quantitative analysis of 

plutonium and uranium was performed on the ICP-MS. 

5) Results by ICP-MS 

The uncertainties for all mass ratios (in (b) and (c) ) were calculated on basis of the 

absolute mass incertitude of each element by the min/max method according to the following 

equation: 

 

This method was chosen because of the small amount of data points 

 

(a) Results of the starting nitrate solutions 

The results are summarized in the Table 3.1-12, -13 for P-P18-098,-099 and 

U-003-100 respectively. These tables also contain the results of the nitrate concentration 

which was quantified by titration. 
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Table 3.1-12   Composition of the starting Pu solution 

Mass ratio of Pu in solution Mass ratio of NO3 in solution  

[mg·g
-1

]   [mg·g
-1

]  

P-P18-098  93.6±2.3  356.8±0.5  

P-P18-099  293.1±3.1 343.0±1.2  

 

 

Table 3.1-13   Composition of the starting U solution 

Mass ratio of U in solution Mass ratio of NO3 in solution  
 

[mg·g
-1

]  [mg·g
-1

]  

U-003-100  397±4  169±2 

 

(b) Results of the calcined samples 

For each metal solution, one calcined sample was dissolved. As described before two 

metal solutions used for the MOX fabrication were M-20P-00Np-003-166 and 

M-20P-00Np-003-167. Samples were taken from the calcined coarse batches 

C-20P-00Np-003-052 and C-20P-00Np-003-055, being representative for the two metal 

solutions. The results are as follows. 

 

Table 3.1-14  Composition of the metal solutions 

Metal solution  

M-20P-00Np-003-166 M-20P-00Np-003-167  

(by C-20P-00Np-003-052 measurement)  (by C-20P-00Np-003-055 measurement)  

U  Pu  Np  U  Pu  Np  

U & Pu mass per mass of MOX [g·kg
-1

] 

650±33 186±9 0 675±13 167±3 0 

U & Pu mass ratio (to total U + Pu mass) [%] 

77.8±1.8   22.2±1.8 0.0 80.2±0.6  19.8±0.6  0.0  
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(c) Results of sintered sample 

Samples of each charge were analyzed. The results are summarized in the following 

tables. 

 

Table 3.1-15  U and Pu content of the coarse sintered charge 

O-20P-00Np-003-1109  

coarse  

Pu U Np 

U & Pu mass per mass of MOX [g·kg
-1

] 

189±6 689±21 0 

U & Pu mass ration (to total U + Pu mass) [%] 

21.5±1.07 78.5±1.07 0 

   

   

Table 3.1-16  U and Pu content of the middle sintered charge 

O-20P-00Np-003-1124   

middle 

Pu U Np 

U & Pu mass per mass of MOX [g·kg
-1

] 

180±9 682±40 0 

U & Pu mass ration (to total U + Pu mass) [%] 

20.9±1.87 79.1±1.87 0 

 

 

Table 3.1-17  U and Pu content of the fine sintered charge 

O-20P-00Np-003-1110 

fine 

Pu U Np 

U & Pu mass per mass of MOX [g·kg
-1

] 

180±6 672±21 0 

U & Pu mass ration (to total U + Pu mass) [%] 

21.1±0.85 78.9±0.85 0 
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3.1.4.7  Impurities by ICP-MS 

1) Pu nitrate solutions 

The complete specified impurity mix was only measured for the solution used for the 

neptunium containing spheres (P-P18-100). Here a partial analysis of the P-P18-098 solution is 

presented

 

Table 3.1-18  Impurities of Pu metal solution 

 

Element  P-P18-098 

  [ppm] 

Ag  300 ± 60 

Cu  49 ± 10 

Fe  < 1000  

Mo  110 ± 22 

Ni  1300 ± 260 

Pb  760 ± 152 

Ta  <50  

Zn  92 ± 18 

* The elements Ba, Bi, Cd, Co, Cs, Ga, Ge, In,Np, Rb, Re, Sr, Tl, W,Zr could all not be found 

with a detection limit of 40 ppm. (PSI Analysis report #: 4665) 

 

2) Final charges (sintered spheres) 

The dissolution procedure of the sintered spheres was the same as for the composition 

measurement. The impurities were measured semi-quantitatively by ICP-MS. The uncertainties 

of the semi quantitative method are around 50% of the measured value. The impurity content of 

the different charges can be found in Table 3.1-19, -20, -21. In the last column the ratio of the 

found and the specified maximum is calculated. As can be seen, Cl, Cr, Fe, Ni, N and total of 

Mn, Mo, Pb and Sn exceed the specified values. The total impurity is 3.7 to 4.6 times larger than 

specified value. Fe, Cr, Ni originate from the Incoloy parts of the Pu dissolution unit. Extreme 

corrosion was observed for the heating element and thermocouple housings made from Incoloy. 

No such large amount of Fe, Cr, Ni impurities were detected in the MOX pellets and vipac 

particles which never experience nitrate dissolving process. 

Cl and F were measured by pyrohydrolysis and ion chromatography. Ag could not be 

measured here because of its precipitation during the MOX dissolution in HCl. Due to the high 

B concentration in the blank solutions (memory effects in ICP instrument) no B could be 

measured below ca. 200 ppm. 

The accuracy is as follows: 
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• Al & Zn: 20%; 

• Ca & Fe: 50%; 

• V: > 50%; Due to the high molecular interferences on the masses 50/51 caused by ArN 

and ArNH in IPM-MS the accuracy of the V results are only very poor. 

• Others: 10% 

 

Table 3.1-19  Impurities of the coarse sintered charge 

Specification O-20p-00Np-003-1109  (coarse) 
Element 

[ppm] [ppm] 

B < 20 < 200  

Mg < 150 130 ± 13 

Al < 700 210 ± 42 

Ca < 500 1100 ± 550 

V < 500 250 ± 125 

Cr < 500 1500 ± 150 

Fe < 1600 8600 ± 4300 

Ni < 500 3200 ± 320 

Cd < 20 < 10  

Th - < 20  

C < 300 285 ± 50 

Cl < 25 36 ± 4 

F < 25 12 ± 1 

Cu - 290 ± 29 

Zn - 650 ± 130 

Cu+Zn < 1400 940 ± 159 

Ag - -  

Mn - 90 ± 9 

Mo - 640 ± 64 

Pb - 930 ± 93 

Sn - 7 ± 1 

Ag+Mn+Mo+Pb+Sn < 400 1667 ± 167 

Total impurities < 4000 18382 ± 5924 
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Table 3.1-20  Impurities of the middle sintered charge 

Specification O-20p-00Np-003-1124  (middle) 
Element 

[ppm] [ppm] 

B < 20 < 200  

Mg < 150 < 20  

Al < 700 110 ± 22 

Ca < 500 65 ± 33 

V < 500 180 ± 90 

Cr < 500 3600 ± 360 

Fe < 1600 7100 ± 3550 

Ni < 500 1500 ± 150 

Cd < 20 < 10  

Th - < 20  

C < 300 134 ± 33 

Cl < 25 21 ± 2 

F < 25 3 ± 1 

Cu - 200 ± 20 

Zn - < 300  

Cu+Zn < 1400 200 ± 20 

Ag - -  

Mn - 99 ± 10 

Mo - 420 ± 42 

Pb - 370 ± 37 

Sn - 4 ± 0 

Ag+Mn+Mo+Pb+Sn < 400 893 ± 89 

Total impurities < 4000 14140 ± 4461 
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Table 3.1-21  Impurities of the fine sintered charge 

Specification O-20p-00Np-003-1110  (fine) 
Element 

[ppm] [ppm] 

B < 20 < 200  

Mg < 150 < 20  

Al < 700 180 ± 36 

Ca < 500 260 ± 130 

V < 500 < 20  

Cr < 500 3600 ± 360 

Fe < 1600 7700 ± 3850 

Ni < 500 1700 ± 140 

Cd < 20 < 10  

Th - < 20  

C < 300 265 ± 15 

Cl < 25 18 ± 2 

F < 25 3 ± 1 

Cu - 200 ± 20 

Zn - < 300  

Cu+Zn < 1400 200 ± 20 

Ag - -  

Mn - 110 ± 10 

Mo - 150 ± 15 

Pb - 260 ± 26 

Sn - 5 ± 3 

Ag+Mn+Mo+Pb+Sn < 400 525 ± 55 

Total impurities < 4000 14969 ± 4620 

 

 



ＪＮＣ ＴＹ８４００ ２００５‐００６

 ｜ 57 ｜

3.1.4.8  Americium by -Spectroscopy 

The -spectroscopy was performed by two different detector products. One was a ORTEC 

and the other was a EURISYS detector. The calibration certificate of both detectors is 

“Certificate #03363 DKD-K 06501, Source #. FD 194, reference date: 1. Sept. 1996”. The 

samples were measured in 50ml PE-bottles. The Am-content was determined by -spectroscopy 

of the diluted solution of the dissolved sphere samples. The results are given in Table 3.1-22. 

The values are within the expected range. 

 

Table 3.1-22  Am content in [ppm] of the final blends 

Final blends (charges) 

O-20P-00Np-003- 

-1109 -1124 -1110 

coarse middle fine 

1300 ±65 1300 ± 65 1400± 70 

 

 

3.1.4.9  Lattice parameter and phase analysis by XRD 

All samples showed single-phase structure. The lattice parameters derived from the XRD 

analysis are listed in Table 3.1-23. 

 

Table 3.1-23  Lattice parameter [Å] of the final blends 

Final blends (charges) 

O-20P-00Np-003- 

-1109 -1124 -1110 

coarse middle fine 

5.4538 5.4455 5.4534 

±0.0093 ±0.0135 ±0.009 

 

 

3.1.4.10  O/M ratio by TGA measurement 

In the specification, the tolerated O/M ratio was set to 1.97 +0.02/-0.03. The measurement 

was performed by thermogravimetry. Sample with 0.1 g weight were shortly oxidized at 850  

in air atmosphere (50 ml·min
-1

) and then reduced in Ar-8%H2 (50 ml·min
-1

) at the same 

temperature for 80 minutes. The O/M values of the different samples are summarized in Table 

3.1-24. Sintering of the first batches was done under the high gas flow rate and no 

humidification. This resulted in low O/M ratios for the samples O-1058, O-1059, O-1060 and 
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O-1066. All of these samples were resintered. 

 

Table 3.1-24  O/M ratio 

Final blends (charges) 

O-20P-00Np-003- 

-1109 -1124 -1110 

coarse middle fine 

1.9556 1.9552 1.9767 

±0.002 ±0.002 ±0.002 

 

3.1.4.11  Grain size 

The grain size was determined from the pictures 03025-30 and -32. The etching procedure 

was difficult. Recipes in literature were often for other O/M ratios and used hot chemical etching 

techniques, which where not applicable in our glove box. The hot physical etching technique, 

which exploits the surface diffusion at high temperatures (~1600°C), was not used in this case, 

because removing of the embedding material and investigation of the single spheres in the 

microscope seemed very difficult or even impossible. 

1) Chemical etching procedure 

Pre-oxidation of sample surface was performed. The sample was dipped into H2O2 for 

several minutes. Then it was etched with the following etching solution: 2 HNO3 : 2 H2O2 : 1 

H2O 

The pre-oxidation step was performed for 30’, subsequently the etching was performed for 

25’. 

2) Grain size determination 

From the pictures 03025-23-32, 03025-30 and 03025-32 were selected. Applying the 

linear interception method, from counting procedures an average 2D grain size of 3.15±0.54 µm 

was found. 

 

3.1.4.12  Pu-distribution 

-autoradiography was performed in order to characterize the homogeneity of the 

Pu-distribution in the spheres. The ceramography SB03019 (batch O-20P-00Np-003-1109) was 

exposed to a KODAK CN 85 nitrate cellulose foil of 100 µm thickness. The foils were scanned 

with a negative scanner. 

JNC defines the critical Pu concentration as an upper -emittance from a defined surface. 

Therefore the resulting scans were processed with a program, which allocated each pixel with 

the average grey-value (corresponding to an -emittance) from the defined surrounding area. 

This then allowed the simple detection of potential hot spots in the fuel. The analysis was 
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successful and no hot-spots were detected. 

1) Exposure of sample 

Spheres of the batch O-20P-00Np-003-1109 were embedded for ceramography resulting in 

the SB03019. To guarantee a neat contact of the sample to the foil, the sample was pined down 

with a small brass block. The sample was exposed for 3 different time periods 10, 15 and 20”. 

2) Etching procedure 

The exposed foils were etched in 2.5 N NaOH (10%) for 30’ at (60±1) ºC. After etching, 

the foils were rinsed with water and dried in hot air. 

3) Evaluation of the scan 

The stripes were directly scanned using a negative scanner. The scanner “Agfa DuoScan” 

allowed the direct fixation of the stripes in a glassless frame. The glassless frames were entered 

in the tray for the scanning in transverse mode. The transverse modus has two sub modes, 

transparency and negative. Here the transparency modus was chosen. For having a 

comparability of the different scans, each exposure was scanned with the same parameter. In this 

case the density range was fixed in each run. The density range was optimized to represent a 

useful contrast for all exposures, the fixed range was: [0.155 … 0.6]. With the large range of 

grey values being realized with the different exposure times, it was likely to loose some 

information with this fixation. Therefore all grayscale-pictures were saved in 16-bit format. The 

scans were performed on a Macintosh computer, the Agfa scanner software was operated under 

Photoshop, and the pictures were saved in Photoshop-format. The optical resolution of the 

scanner is 2000 x 1000 dpi
2
. Nevertheless, the pictures were saved with a 2000 dpi resolution. 

For performance reasons, the 16-bit pictures were reduced to 8 bit pictures in png format. In 

case of the 10’’ and the 20’’second exposure prior to the color depth reduction, the grayscale 

levels were adjusted, in order to increase the contrast. From the original picture only the upper 

part of the levels was used, for a total level range of [0,255] the levels [127,255] were extracted. 

The matrix for the convolute transformation represented a circle of 8 or 16 pixels in diameter, 

representing 102 or 203 µm (with a 2000 dpi resolution). These diameters represent the maximal 

circles where the -emittance of 100% or 40% Pu is allowed. In Figure 3.1-10 the histograms of 

the autoradiography taken of the coarse fraction charge are shown before and after the averaging 

procedure.  
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(a) represents the 3D histogram of the original scan 

(b) the scan after the averaging procedure over a 100 µm disc 

(c) over a 200 µm disc. The highest bar in the back represents a Pu content of 40%. Neither in (b) 

nor in (c) any point is higher than this reference bar, therefore no hotspots could be identified 

for this sample 

 

Figure 3.1-10  Histograms of -autoradiography being performed for the coarse fraction 
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3.2  Np-MOX sphere fabrication for SPF segments[2] 

800 m and 70 m sphere containing 5%Np in addition to 20%Pu-MOX was fabricated 

by internal gelation process for SPF segments.  

 

3.2.1  Material solution 

The metal solution was prepared as described in section 3.1 except for the additional 

neptunium nitrate component. The targeted metal proportion was 20%Pu and 5%Np to 75%U. 

The nitrate to metal ratio was also adjusted to about 1.9 mol·mol
-1

 with metal concentration of  

1.4 mol·kg
-1

. This metal solution was then blended with cooled hexamethylenetetramine (HMTA) 

+ urea solution to result in the feed solution with metal concentration of about 0.8 mol·kg
-1

 and a 

HMTA to metal concentration of 1.3 mol·mol
-1

. The same concentration was targeted for the urea 

component. The feed solution was cooled to about 0°C. The temperature of the feed solution 

could not directly be measured, but only narrowed down by the temperature sensors T
c
1 and T

c
2 of 

the cooling circuit. T
c
1 and T

c
2 are also described further down in section 3.1. 

 

3.2.2  Gelation to washing 

The following Np-MOX gelation was performed. For the coarse fraction, the gelation 

batches identified with G-20P-05Np-003-837 and G-20P-05Np-003-838 were produced. The 

gelation batch for the fine fraction was G-20P-05Np-003-839. Both, fine and the coarse fraction 

gelation batches, were produced from the M-20P-05Np-003-168 metal solution. The production 

flowchart illustrates the different deviates. 

All of the equipments were cooled to a temperature between -1 to 2°C. T
C

1 represents a 

lower and T
C

2 an upper possible temperature of the cooling circuit. The nozzle diameter for the 

coarse fraction was 700 m and in case of the fine fraction it was 120 m. The flow rate in case of 

the coarse fraction was about 5.5 g·min
-1

 and 4 g·min
-1

 for the fine. The gelation parameters, i.e. 

temperatures of feed (T
c
), flow rates and temperatures of the silicon oil (T

o
) is shown in Table 

3.2-1.  

 

Table 3.2-1  Gelation parameters 

Temperature and flow rates of feed solution 

G-20P-05Np-003- -837 -838 -839 

Flow rate [g·min
-1

] 5.4 5.9 4.2 

Temp. T
C

1 [°C] -1 -1 -1 

Temp. T
C

2 [°C] 2 2 2 

Temp. T
O

2/3 [°C] 104 105 105-107 
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3.2.3  Drying, calcination and sintering process 

3.2.3.1  Description of the process 

The spheres were dried in hot air and calcined in Ar-7%H2 at 600°C, where the hydroxides 

were transformed into oxides. Finally the spheres were sintered in a reducing atmosphere of 

Ar-7%H2 at 1400°C for 4h. For adjusting the O/M ratio the atmosphere was humidified. The exact 

time of humidification is further descried in the parameter section. For the sintering process the 

different gelation batches which had been dried and calcined were split into two to three 

sub-batches for sintering. After sintering those sub-batches were then reunited to the original 

gelation batch, the following table summarizes the batch number being blend. 

 

3.2.3.2  Parameters 

Generally the O/M ratio turned out to be too low according to the specification. The 

humidification was therefore prolonged into the cooling phase, to reach an elevation of the 

oxidation state.  

In case of the Np free MOX spheres, several programs were experimented to find the ideal 

sintering condition. In the later Np-MOX production the parameter were fixed to the parameters 

given in Table 3.2-3. 

 

Table 3.2-2  Blending of the sinter batches 

Mixture 
O-20P-05Np-003-1108 

coarse  

O-20P-05Np-003-1115

coarse  

O-20P-05Np-003-1119 

fine  

Original  

batches 

O-1105, O-1106, 

 O-1107 

O-1112, O-1113, 

O-1114 
O-1117, O-1118 

Final 

mixture 
O-1121 O-1119 

 

 

 

Table 3.2-3  Sintering program 

heating rate temperature T time t time t
1 

[°C h
-1

] [°C] [h] [h] 

300 1400 4 1.5 

* t is the sintering time and t1 is the time of humidification reaching into the cooling 

phase. The total time of humidification is therefore t+t1. 
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3.2.4  Characterization 

3.2.4.1  Sphere sizes 

The size of the spheres can be adjusted by the choice of the appropriate feed nozzle. In the 

case of small spheres, frequency of the drop generator was also controlled. A glass plate was 

covered with a single layer of spheres. This preparation was then placed on an optical light 

microscope, the image detected by a digital camera was evaluated by electronic image analysis. 

The evaluation was performed with an automated routine written in LabView. Only spheres which 

could be characterized by the program were considered for the evaluation. If the contrast against 

the background was too low, or the border between two particles could not be detected, the 

spheres were excluded from the evaluation. 

 

(1)  Coarse fraction 

Figure 3.2-1 shows the ceramograph of the coarse spheres. Table 3.2-4 summarizes the 

results of characterization. Figure 3.2-2 shows a graphical representation. From 15 pictures of 77 

spheres were analyzed. 

 

Table 3.2-4  Sphere size characterisation of the final coarse batch 

Number of particles [-] 77 

Diameter characterization 

Average diameter [mm] 0.770 

Smallest diameter [mm] 0.730 

Largest diameter [mm] 0.817 

Std Dev of diameter [mm] 0.024 

Ellipticity characterization 

Average ellipticity [-] 1.019 

Smallest ellipticity [-] 1.091 

Largest ellipticity [-] 1.188 

Std Dev of ellipticity [-] 0.035 
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Figure 3.2-1  Ceramograph of Np-MOX spheres as polished  (coarse) 
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Figure 3.2-2  Sphere size distribution of the coarse fraction 
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(2)  Fine fraction 

Figure 3.2-3 shows the ceramograph of the fine spheres. Table 3.2-5 summarizes the 

results of characterization. Table 3.2-6 summarizes the results and Figure 3.2-4 shows a graphical 

representation. From 10 pictures of 310 spheres were analyzed.  

 

Table 3.2-5  Sphere size characterisation of the final fine batch 

Number of particles [-] 310 

Diameter characterization 

Average diameter [mm] 0.071 

Smallest diameter [mm] 0.055 

Largest diameter [mm] 0.075 

Std Dev of diameter [mm] 0.003 

Ellipticity characterization 

Average ellipticity [-] 1.113 

Smallest ellipticity [-] 1.035 

Largest ellipticity [-] 1.678 

Std Dev of ellipticity [-] 0.062 

 

 

 

 

Figure 3.2-3  Ceramograph of Np-MOX spheres as polished  (fine) 
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Figure 3.2-4  Sphere size distribution of the fine fraction 

 

 

3.2.4.2  Density measurement 

The density was measured by gas immersion with a helium pycnometer. Table 3.2-6 

summarizes the results. The theoretical density used to calculate the relative densities was derived 

from the following equation

)2(5.248.0
2

xTDyTD UOMOX   

with: x: O/M ratio 

y: PuO2 fraction in MOX 

2UOTD : Theoretical density UO2 (10.96 g/cm3) 

 

Theoretical densities calculated with the lattice parameter measured by PSI were about 0.5 

to 0.8% higher. Consequently the corresponding relative densities were reduced by this amount. 

 

Table 3.2-6  Densities of the final blends 

Fractions: 

coarse fine 

Relative densities [%] 

100.0 98.1  

-0.7, +0 ±0.7 

Absolute density [g cm
-3

] 

10.90  10.80  

±0.6 ±0.6 
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3.2.4.3  Oxygen, nitrogen, hydrogen and carbon content 

The nitrogen and oxygen content was measured by hot extraction using O, N analyzer 

LECOTC-436, the carbon content by hot extraction using the C analyzer LECO-IR-412 and the 

hydrogen content by hot extraction using the H analyzer RH404.  

The measurement results were shown in Table 3.2-7, -8, -9. 

Table 3.2-7  Fine spheres O-, N-, H- and C content 

0-20P-05Np-003-1119  

fine  

N O C  H  

[%]  [%]  [%]  [ppm]  

0.0545  13.0135 0.0247 13.7150 

±0.0037  ±0.5237 ±0.0013 ±7.2302 

 

Table 3.2-8  Coarse spheres O-, N-, H- and C content 

0-20P-05Np-003-1121  

coarse  

N O C  H  

[%]  [%]  [%]  [ppm]  

0.0449  12.5066 0.0303 5.2733 

±0.0086  ±0.8174 ±0.0032 ±2.4082 

 

Table 3.2-9  Derived moisture and volatile products 

Sample Specification 

O-20P-05Np-003        

-1119          -1121      

fine          coarse  

Moisture  [ppm] 

Volatile Impurities  

[µl·gMOX
-1

] 

<  

<

150 

180 

122.6 ± 64.6 

588.6 ± 110.0 

47.1 ± 21.5 

417.9 ± 95.6 

 



ＪＮＣ ＴＹ８４００ ２００５‐００６

｜ 68 ｜

3.2.4.4  Composition by titration 

The nitrate content of the starting nitrate solutions was measured with Metrohm 736 GP 

Titrino equipment and was evaluated with TiNet software. The results of impurities are all 

summarized together with the results found by ICP-MS on Table 3.2-10, -11, -12 for the nitrate 

content of P-P18-100, Np-Ru2-003 and U-03-100 respectively. 

 

Table 3.2-10  Composition of the starting Pu solution 

Mass ratio of Pu in solution Mass ratio of NO3 in solution 
 

[mg·g
-1

] [mg·g
-1

] 

P-P18-100 276±9 331±2 

 

 

Table 3.2-11   Composition of the starting Np solution 

Mass ratio of Pu in solution Mass ratio of NO3 in solution 
 

[mg·g
-1

] [mg·g
-1

] 

318±2 
Np-Ru2-003

317.6 
304.1±4 

 

 

 

Table 3.2-12  Composition of the starting U solution 

Mass ratio of U in solution Mass ratio of NO3 in solution  

[mg·g
-1

]  [mg·g
-1

]  

U-003-100 397±4  169±2 
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3.2.4.5  Impurities by pyrohydrolysis 

F and Cl were measured by pyrohydrolysis. The solutions were prepared by the standard 

method. The ion-chromatography was performed with Dionex AL450 equipment. For clarity the 

results of impurities are all summarized together with the results found by ICP-MS, in Table 

3.2-16, -17 for Cl and F content of O-20P-05Np-003-1121 (coarse fraction) and 

O-20P-05Np-003-1119 (fine fraction) respectively. 

 

3.2.4.6  Composition by ICP-MS 

1) Dissolution procedure 

In order to perform ICP-MS with the spectrometer available at PSI hot laboratory, the 

samples must be dissolved (except for the already fluid Pu, U and Np starting nitrate solutions). It 

was found, that the same recipes being successful for the pellet samples, often failed for the 

spheres. It was very difficult to dissolve the sintered spheres. Calcined spheres originating from 

each metal solution and sintered spheres form the final charges could be dissolved and analyzed. 

It is supposed that the sintering procedure does not change the Pu content. The ICP-MS results of 

the starting nitrate solutions can be found in Table 3.2-10. The ICP-MS results of the calcined 

samples are presented in Table 3.2-13. 

 

2) Results by ICP-MS 

(a) Results of the starting nitrate solutions 

The results are summarized in Table 3.2-9, -10, -11 for P-P18-100, Np-Ru2-003 and 

U-003-100 respectively. These tables also contain the results of the nitrate concentration which 

was quantified by titration. 

(b) Results of the calcined samples 

For the metal solution, one calcined sample was dissolved. The metal solutions used for 

the MOX fabrication was M-20P-05Np-003-168. One sample was taken from the first calcined 

coarse batch C-20P-05Np-003-059, representative for the metal solution. The result is shown in

Table 3.2-13. 

(c) Results of sintered sample 

The results of the end charges are summarized in the Table 3.2-14, -15 for 

O-20P-05Np-003-1121 (coarse fraction) and O-20P-05Np-003-1119 (fine fraction) respectively. 
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Table 3.2-13  Composition of the metal solution 

Metal solution 

M-20P-05Np-003-168 

( by C-20P-00Np-003-059 measurement ) 

U Pu Np 

U, Pu & Np mass per mass of MOX [g·kg
-1

] 

626±6          168±3         41.3±0.3 

U, Pu & Np mass ratio (to total U + Pu mass) [%] 

74.94±0.48       20.11±0.45        4.94±0.09

 

 

Table 3.2-14  U and Pu content of the coarse sintered charge 

O-20P-05Np-003-1121  

coarse  

Pu  U  Np  

U & Pu mass per mass of MOX [g·kg
-1

] 

182±7         604±20         42±2  

U & Pu mass ration (to total U + Pu mass)  

[%] 

22.0±1.27       72.9±1.47      5.1±0.41 

 

Table 3.2-15  U and Pu content of the fine sintered charge 

O-20P-05Np-003-1119  

fine  

Pu  U  Np  

U & Pu mass per mass of MOX [g·kg
-1

] 

181±2          606±12         41±1  

U & Pu mass ration (to total U + Pu mass)  

[%] 

21.9±0.54       73.2±0.67       5.0±0.21 
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3.1.4.7  Impurities by ICP-MS 

The impurities were measured semi-quantitatively by ICP-MS. The uncertainties of the 

semi quantitative method were around 50% of the measured value. 

The impurity content of the different charges can be found in Table 3.2-17, -18. 

As can be seen, Cl, Cr, Fe, Ni, N and total of Mn, Mo, Pb and Sn importantly exceed the 

specified values. Total impurity is 3.7 to 4.6 times larger than specified. As described on section 

3.2, Fe, Cr, Ni originate from Incoloy parts of the Pu dissolution unit. They were measured by 

pyrohydrolysis and ion chromatography. Ag could not be measured here because of its 

precipitation during the MOX dissolution in HCl. Due to the high B concentration in the blank 

solutions (memory effects in ICP instrument) no B could be measured below ca. 200 ppm. 

The accuracy is as follows: 

• Al & Zn: 20% 

• Ca & Fe: 50% 

• V: > 50%; Due to the high molecular interferences on the masses 50/51 caused by ArN 

and ArNH in IPM-MS the accuracy of the V results are only very poor. 

• Others: 10% 
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1) Pu nitrate solutions 

 

Table 3.2-16  Impurities of Pu metal solution 

P-P18-100  (Pu solution) 
Element 

[ppm] 

B < 200  

Mg ND  

Al 483 ± 97 

Ca ND ± 33 

V 95000 ± 47500 

Cr 11000 ± 1100 

Fe 34000 ± 17000 

Ni 18000 ± 1800 

Cd < 10  

Th < 20  

C -  

Cl -  

F -  

Cu 1400 ± 140 

Zn ND  

Cu+Zn 140 ± 140 

Ag -  

Mn 407 ± 41 

Mo 0 ± 0 

Pb 129 ± 13 

Sn 35 ± 3 

Ag+Mn+Mo+
Pb+Sn 

571 ± 57 

Total impurities 160454 ± 67767 
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2) Final charges (sintered spheres) 

 

Table 3.2-17  Impurities of the fine sintered charge 

Specification 
O-20p-05Np-003-1119  

(fine) Element 

[ppm] [ppm] 

B < 20 < 200  

Mg < 150 < 64  

Al < 700 790 ± 158 

Ca < 500 370 ± 185 

V < 500 190 ± 95 

Cr < 500 3000 ± 300 

Fe < 1600 7800 ± 3900 

Ni < 500 1500 ± 150 

Cd < 20 < 10  

Th - < 20  

C < 300 247 ± 13 

Cl < 25 24 ± 2 

F < 25 5 ± 1 

Cu - 220 ± 22 

Zn - < 300  

Cu+Zn < 1400 220 ± 22 

Ag - -  

Mn - 102 ± 10 

Mo - 490 ± 49 

Pb - 320 ± 32 

Sn - 2 ± 0 

Ag+Mn+Mo+
Pb+Sn 

< 400 914 ± 91 

Total impurities < 4000 15683 ± 4946 
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Table 3.2-18  Impurities of the coarse sintered charge 

Specification 
O-20p-05Np-003-1121  

(coarse) Element 

[ppm] [ppm] 

B < 20 < 200  

Mg < 150 50 ± 5 

Al < 700 720 ± 144 

Ca < 500 250 ± 125 

V < 500 < 20  

Cr < 500 3400 ± 340 

Fe < 1600 8000 ± 4000 

Ni < 500 2600 ± 260 

Cd < 20 < 10  

Th - < 20  

C < 300 303 ± 32 

Cl < 25 52 ± 6 

F < 25 64 ± 7 

Cu - 270 ± 27 

Zn - < 300  

Cu+Zn < 1400 270 ± 27 

Ag - -  

Mn - 119 ± 12 

Mo - 510 ± 51 

Pb - 190 ± 19 

Sn - 6 ± 1 

Ag+Mn+Mo+
Pb+Sn 

< 400 825 ± 83 

Total impurities < 4000 14988 ± 5116 
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3.2.4.8  -Spectroscopy 

The -spectroscopy was performed with two different detector products ORTEC and 

EURISYS. The calibration certificate of both detectors was “Certificate #03363 DKD-K 06501, 

Source #. FD 194, reference date: 1. Sept. 1996”. The samples were measured in 50 ml PE-bottles. 

(1) Neptunium 

The Np content in the Np nitrate solution Np-Ru2-003, which was used for the sphere 

production, was measured by ICP-MS and by -spectroscopy. The results are summarized in the 

ICP-MS section in Table 3.2-11. Both methods resulted in the same content of 31.8 wt%. 

 

(2) Americium 

The Am-content was determined by -spectroscopy of the diluted solution of the dissolved 

sphere samples. The results are given in Table 3.2-19. The values are within the expected range. 

Table 3.2-19  Am content in [ppm] of the final blends

 Final blends (charge)  

fine coarse 

O-20P-05Np-003-1119 O-20P-05Np-003-1121 

1300 ± 65 1400 ± 70 

 

3.2.4.9  Lattice parameter and phase analysis by XRD 

All samples showed single-phase structure. The lattice parameters derived from the XRD 

analysis are listed in Table 3.2-20. 

Table 3.2-20  Lattice parameter [Å] of the final blends 

Final blends (charge) 

fine coarse 

O-20P-05Np-003-1119 O-20P-05Np-003-1121 

5.4479±0.0061  5.4501±0.0134  
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3.2.4.10  O/M ratio by TGA measurement 

In the specification, the tolerated O/M ratio was set to 1.97 +0.02/-0.03. The measurement 

was performed with thermo gravimetry (TGA). Sample with 0.1 g weight were shortly oxidized at 

850°C in air atmosphere (50 ml·min-1) and then reduced in Ar-8%H2 (50 ml·min-1) at the same 

temperature for 80 minutes. 

The O/M values of the different samples are summarized in Table 3.2-21. 

 

Table 3.2-21  O/M ratio 

Final blends (charge) 

fine coarse 

O-20P-05Np-003-1119 O-20P-05Np-003-1121 

1.9757±0.002 1.9470±0.002 

 

 

3.2.4.11  Grain size 

The grain size was determined from the pictures 03034-43 and -50. Chemical etching 

procedure and grain size determination was same as for MOX sphere as described above. 

The results are shown on Table 3.2-22. 

 

Table 3.2-22  Grain counting along lines with the linear interception method 

line length counts 2D grain size 

[px] [µm] [1] [µm] 

   

   03034-43  

line 1: 315.4 87.4 30 2.91 

line 2: 306.7 85.0 25 3.40 

     

   03034-50  

line 1: 267.0 74.0 28 2.64 

line 2: 281.3 77.9 34 2.29 

line 3: 318.0 88.1 29 3.04 

line 4:  301.8  83.6  31  2.70  
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3.2.4.12  Pu-distribution 

-Autoradiography was performed in order to characterize the homogeneity of the 

Pu-distribution in the spheres. The process was same as that for MOX sphere as described before. 

Spheres of the batch O-20P-05Np-003-1121 were applied for ceramography resulting in

SB03034.  

Figure 3.2-5 shows the 3D histograms of the autoradiography taken of the coarse fraction 

charge before and after the averaging procedure for two different exposures. With these results it 

is proven that no hotspots are present in the sample. However, the result is not as clear as in the 

Np-free example in TM-43-03-25. The scans show many peaks even in the area where only the 

embedding material is present. Probably they originated from dust contamination during the scan 

or exposure. 

 

 

 

(a,d) represents the 3D histogram of the original scans, (b,e) the scan after the averaging 

procedure over a 100 µm disc, and (c,f) over a 200 µm disc. The highest bar in the back 

represents a Pu content of 40%. Neither in (c) nor in (f) any point is higher than this reference bar, 

therefore no hotspots could be identified for this sample. 

 

Figure 3.2-5  Histograms of the -autoradiography being performed for the coarse fraction 
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3.3 MOX pellet fabrication[3] 

The following flow chart gives an overview of the fabrication route and the identification 

of the several material batches at each fabrication step. 

 

 

3.3.1  Powder preparation 

Four batches of mixed MOX powders were prepared for the fabrication of the MOX pellets 

and MOX vipac. The oxide powders of the starting material are shown in Table 3.3-1 and were 

directly weighted into the vessel. The mixing and milling was performed with the attrition mill for 

10 passes. Milling time for one pass was 5 minutes with closed shutter and unloading time was 

another 5 min with open shutter. The final pass (10
th

) was set to 15 minutes with open shutter in 

order to have the maximum amount of unloaded powder from the mill. The increase of bulk and 

tap density with number of passes, which results from an agglomeration of the fine particles, was 

measured and is given in Table 3.3-2. The binder and pore former were admixed homogenously to 

each powder batch after milling. 

The powder was precompacted with a press machine and a die of 20 mm diameter. 10-15 MPa 

pressure was applied. The compaction was then crushed to granules with a granulator. The 

granules were sieved with a 100 m mesh to separate the finest particles (which were then 

precompacted and granulated again). Additional binder was admixed prior to final compaction. 

Detailed data of the granules preparation are given in Table 3.3-3. 
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Table 3.3-1  Starting materials for MOX powder preparation 

UO2 powder PuO2 powder 

PSI-Code: U-0030 

Supplier: BNFL, U.K. 

Obligation Code: N 

PSI-Code: P-18 

Country of origin: USA 

Obligation Code: A 

Isotopes: U-234 0.0015 wt% 

  U-235 0.299  0.007 wt% 

  U-236 < 0.0010 wt% 

  U-238 99.699 wt% 

 

Uranium content: 87.8 wt%  

Thorium content: <0.01 ppm  

Analytical values according to BNFL test certificate 

TDU / OH 28 of 1997-10-22 

Isotopes (1981-12-07): Pu-238  0.066 wt% 

 Pu-239  87.20 wt% 

 Pu-240  11.43 wt% 

 Pu-241   1.09 wt% 

 Pu-242   0.214 wt% 

Pu content: 87.96 wt% 

Am-241 content: 562 ppm (0.0562 wt%)

Analytical values according to LANL analysis of 

1981-12-07 

Binder Pore former 

Zink stearate: Zn(C17H35O2)2 

Supplier: Witco Company 

Azodicarboxamide: C2H4N4O2 

Supplier: KAERI, Korea 

 

 

 

Table 3.3-2  Characteristics of UO2+PuO2 mixed and milled powder batches 

Powder batch No. 7PN-P007 7PN-P009 7PN-P012 7PN-P014

UO2 g 159.95 160.01 160.05 180.55 

wt% 20 20 20 20 
PuO2 

g 39.99 40.03 39.99 45.2 

Mixing time (manual) min 5 5 5 5 

Bulk density (initial) g/cm
3
 1.1 1.0 1.4 1.3 

Tap density (initial) g/cm
3
 1.3 1.3 2.1 1.6 

Bulk density (10 passes) g/cm
3
 2.2 2.3 2.3 2.4 

Tap density  (10 passes) g/cm
3
 3.2 3.3 3.3 3.9 
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Table 3.3-3  Overview of the MOX granules preparation 

Granules batch No. 7PN-P010 7PN-P011 7PN-P013 

Powder batch No. 7PN-P007/9 7PN-P009 7PN-P012 

MOX powder g 227.9 103.97 150.09 

wt% 0.3 0.4 0.4 
Binder    (Zinc Stearate) 

g 0.68 0.42 0.60 

Pore former  wt% 0.25 0.48 0.5 

(Azodicarboxamide) g 0.56 0.5 0.75 

Mixing time (manual) min 60 (Turbula) 5 5 

Pre compaction pressure MPa 10 15 15 

Precompact density g/cm
3

- - - 

Bulk density g/cm
3

3.3 3.2 3.0 

Tap density g/cm
3

3.5 3.5 3.3 

Further addition of wt% 0.2 0.1 0.1 

Lubricant  (Zinc stearate) g 0.29 0.09 0.15 

Mixing time (manual) min 5 5 5 

 

 

3.3.2  Pellet fabrication 

In total three pellet batches were fabricated. Each batch was pressed just prior to the 

sintering step with the 8 mm diameter die. The applied pressure was 390 MPa for 10 seconds with 

punch and matrix motions. Two green pellets of each batch were checked on cracks by bubble test. 

No indications of cracks could be found. All green pellets were visually checked and the green 

density was determined. 

In the first batch (7PN-T006) 30 pellets were produced. The pellets were sintered in the 

AET furnace at 1600°C for 10 h in N2+8H2 atmosphere (with the flow rate of 120 l/h). The 

analyzed O/M ratio of the two sampled pellets was 1.985. This was higher than that of the 

fabrication test 7PN-T005. As a possible reason, the overcharge of green pellets comparing to 

the capacity of the furnace gas was considered, therefore re sintering was performed at 1600°C 

for additional 10 h in N2+8H2 (180 l/h). All further batches were sintered with the program shown 

in Figure 3.3-1. 

After sintering the pellets were ground with a centerless grinder to the specified diameter. 

In the final inspection the weight, height and diameter of all pellets were measured and each pellet 

was checked visually on cracks, chips and cleanliness. The average data are given in Table 3.3-4. 
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Table 3.3-4  Overview of the MOX pellet fabrication 

Pellet batch No. 7PN-T006 7PN-T007 7PN-T008 

Granules batch No. 7PN-P010 7PN-P011 7PN-P013 

Batch size 30 Pellets 25 Pellets 39 Pellets 

Green pellets 

Average diameter mm 8.05 8.05 8.05 

Average height mm 11.56 11.42 11.37 

g/cm
3
 6.81 6.88 6.68 

Average density 
%TD* 61.6 62.2 60.3 

Sintered pellets 

Average diameter mm 6.87 6.90 6.83 

Average height mm 10.12 10.00 9.88 

Diameter shrinkage (D1/D0) % 85.3 85.7 84.9 

Height shrinkage (H1/H0) % 87.5 87.5 87.0 

Loss of weight ( m/m0) % -1.9 -2.3 -2.8 

Ground pellets 

Average diameter mm 6.496  0.005 6.501  0.003 6.507  0.003 

Average height mm 10.12  0.23 10.01  0.11 9.96  0.19 

g/cm
3
 10.53  0.01 10.46  0.02 10.39  0.01 

Average geom. density 
%TD** 95.9  0.1 95.3  0.2 94.6  0.1 

* Related to O/M=2.0 (T.D.= 11.06 g/cm3) 

** Related to O/M=1.97 (T.D.= 10.98 g/cm3) 

 

 

 

800°C, 2 h

1600°C, 20 h

300°C/h

200°C/h 

N2 + 8H2 (180 l/h) 

 

Figure 3.3-1  Sinter program for MOX pellets 
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3.3.3  Characterisation 

3.3.3.1  Pellet structure and grain size 

One pellet of each fabrication batch was used for ceramography to examine the inner 

structure of the pellets (Pellet-No. 7PN-T006-19, 7PN-T007-10 and 7PN-T008-31). 

The macrostructures of the pellets show no cracks or inclusions in the pellets. 

Inhomogeneous pore structure like remained granules could be seen on the polished samples. 

Around the dense regions some higher porosity was observed. 

For revealing the grain boundary thermal etching according to Figure 3.3-2 was performed. 

After polishing, the embedding material was removed and the samples were placed into the AET 

furnace for thermal treatment. Afterwards the structure of the samples was observed directly on 

the light microscope. Very small grain sizes in the order of 1 to 3 m and some islands with larger 

grains in the order of 10 m were visible (measured 2-dimensional), see Table 3.3-5. 

 

Table 3.3-5  Pellet grain size 

Grain size ( m) 
Sample No. 

Main Island 

7PN-T006-19 ~2 ~10 

7PN-T007-10 ~2 ~10 

7PN-T008-31 ~2 ~10 

 

 

 

600°C

1600°C, 1 h

2 h 

N2 + 8H2 (180 l/h) 

5 h

N2 (60 l/h) 

 

Figure 3.3-2  Temperature program for thermal etching 
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3.3.3.2  Pore size and porosity 

The pore size distribution and the porosity were analyzed for representative pictures from 

the ceramography of each fabrication batch. The analyzed area from the pictures was defined as 

the Region of Interest (ROI). 

All fabrication batches show a similar pore size distribution. The pores in the Equivalent 

Circle Diameter (ECD) were mainly 6 to 8 m and no pores larger than 50 m were observed. 

The pore size distribution is given in Figure 3.3-3  

 

Table 3.3-6  Porosity of the pellet microstructure 

Pore size (ECD) Pore fraction (%) 
Sample No. 

m For ROI For whole pellet 

7PN-T006-19 10.3 7.1 4.1 

7PN-T007-10 9.8 7.0 4.7 

7PN-T008-31 11.0 11.8 5.4 
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Figure 3.3-3 Pellet pore size distribution of the three fabrication batches 
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3.3.3.3  Pu-distribution 

-autoradiography was performed in order to characterize the homogeneity of the 

Pu-distribution in the pellets. The cross sections of the sample in the ceramographies of Batch 

7PN-T006, Batch 7PN-T007 and Batch 7PN-T008 were exposed to Kodak CN 85 nitrate 

cellulose foils of 100 m thickness. The same stripe of Kodak CN 85 film was exposed for 10, 15 

and 20 sec to one sample. The stripes were etched for 30 min at 60°C (etching agent was 2.5 N 

NaOH). After drying, the stripes were scanned and picture analysis was performed. The data was 

averaged over a diameter of 100 m and 200 m. In Figure 3.3-4 the 3D-histograms illustrate the 

averaged autoradiography for each ceramography. No histogram shows a higher peak than the 

reference bar of 40% Pu even with an average diameter of only 100 m. It can be concluded that 

no Pu hot-spot of more than 40% Pu exists with a diameter larger than 200 m. 

 

 

Averaged autoradiography with D = 100 m (a,c,e) and D = 200 m (b,d,f) from pellet 

7PN-T0006-19 (a,b), pellet 7PN-T007-10 (c,d) and pellet 7PN-T008-31 (e,f). The reference bar 

on the upper side of each 3d histogram represents the average channel of the 40% Pu equivalent.  

 

Figure 3.3-4  Histograms of the -autoradiography being performed for the pellets 

 

 

3.3.3.4  Lattice parameter and phase analysis 

XRD investigations were performed on the samples 7PN-T006-19, 7PN-T007-10, and 

7PN-T008-31. All samples show cubic single phase. Neither second phases nor unidentified 

reflections were observed. The results are given in Table 3.3-7.  
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Table 3.3-7  XRD results of the fuel pellet 

Pellet 

identification 

Atomic 

composition

Lattice parameter 

[nm] 

7PN-T006-19 (U80Pu20)O1.97 0.54534 ± 0.00089 

7PN-T007-10 (U80Pu20)O1.97 0.54460 ± 0.00153 

7PN-T008-31 (U80Pu20)O1.97 0.54466 ± 0.00164 

 

 

3.3.3.5  O/M ratio 

The O/M measurements were performed by thermo gravimetry (TGA). From each pellet 

batch samples of 0.1 g were shortly oxidized at 850°C in air atmosphere (50 ml·min
-1

) and then 

reduced in Ar+8%H2 (50 ml·min
-1

) at the same temperature for 80 minutes. The O/M values of the 

different samples are summarized in Table 3.3-8. 

 

Table 3.3-8  O/M ratio of the fuel pellet 

Pellet 

identification 

Specified 

O/M ratio 

Measured O/M 

ratio 

7PN-T006-24 1.94 1.99 1.9780  0.0009 

7PN-T007-24 1.94 1.99 1.9673  0.0004 

7PN-T008-38 1.94 1.99 1.9760  0.0025 

 

 

3.3.3.6  Chemical and nuclear characterisation 

A small amount of the sample was crushed in an agate mortar and around 100 mg of it was 

exactly weighted into a quartz flask. 2ml-30%H2O2, 9ml-30%HCl , 1ml-65%HNO3 and three 

drops of 40%HF were added. Then it was cooked on an electric heating plate under reflux until 

the sample changed into a clear, green solution. Nearly no residue was visible. The solution was 

transferred quantitatively into a PE-flask, gravimetrically diluted and spiked with Bi as internal 

standard. 
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3.3.3.7  U and Pu content 

The quantitative analysis of Pu and U was performed on the ICP-MS. The results are given 

in Table 3.3-9 and -10. The measurements of the batches 7PN-T006, 7PN-T007 and 7PN-T008 

were repeated due to uncertainties in the uranium calibration. The isotopic composition of 

plutonium P-18 was measured quantitatively on the ICP-MS coupled with the high performance 

liquid chromatography (HPLC). 

The Pufiss is calculated from the isotopic composition of P-18 (Pufiss is 0.8829 x Putot on 

27.02.2004) and the measured Pu-content in the fuel. 

The Ufiss is given in the certificate of the depleted UO2 powder. 

 

Table 3.3-9  U and Pu content of the powder 

 Specified 7PN-P009 7PN-P012 

Pu / MOX g/kg 175 172  7 167  5 

U / MOX g/kg 704 683  27 676  20 

(U+Pu) / MOX (calculated) g/kg  >867 855  34 843  25 

Pu / (U+Pu) (calculated) wt%  19.9 20.1  1.3 19.8  1 

U / (U+Pu) (calculated) wt%  80.1 79.9  3.1 80.2  2.4 

 

 

 

Table 3.3-10  U and Pu content of the fuel pellet 

 Specified 7PN-T006 7PN-T007 7PN-T008 

Pu / MOX g/kg 175 176  5 174  5 175  5 

U / MOX g/kg 704 712  19 698  19 699  19 

(U+Pu) / MOX  (calculated) g/kg >867 888  24 872  24 874  24 

Pu / (U+Pu)    (calculated) wt% 19.9 19.8  0.5 20.0  0.5 20.0  0.5 

U / (U+Pu)     (calculated) wt% 80.1 80.2  0.5 80.0  0.5 80.0  0.5 

Pufiss / (U+Pu) (27.02.2004) wt% 17.6 17.5  0.5 17.7  0.5 17.7  0.5 

Ufiss / U        (20.9.1997) wt% 0.3 0.3 0.3 0.3 
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3.3.3.8  Am content 

The Am content was determined by -spectroscopy of the diluted solution of the dissolved 

pellet samples. The results are given in Table 3.3-11. The values are within the expected range 

except for the pellet batch 7PN-T008, where the measured content is somewhat higher.  

 

Table 3.3-11  Am content of the fuel pellets  

 Specified 7PN-T006 7PN-T007 7PN-T008 

Am-241 / MOX  (27.02.2004) g/g 1345 1300 1400 1930 

 

 

3.3.3.9  Impurities 

The impurities were measured semi-quantitatively by ICP-MS. The uncertainties of the 

semi-quantitative method are around 50% of the measured value. The results are given in Table 

3.3-12. 

The determination of Ag was not performed due to fact that during dissolution of MOX 

with HCl the Ag would precipitate and therefore could not be measured. 

The B content could not be measured below ~200 ppm by ICP-MS. The reason for this 

relatively high uncertainty is based on the semi-quantitative approach and the difficulties 

connected with B detection. B from the standard material sticks to the walls of the measuring 

equipment and produces a high boron background during the subsequent measurement. 

Cl and F are determined by pyrohydrolysis and ion chromatography (IC). The values with 

an accuracy of 25% are within the specification. 

The total amount of impurities is calculated from the sum of all impurities except for Am. 

The value is within the specification for all batches. 
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Table 3.3-12  Analysis data for the impurities 

Specified 

values 

7PN-P009 

Powder 

7PN-P012 

Powder 

7PN-T006 

Pellet 

7PN-T007 

Pellet 

7PN-008 

Pellet 

Element 

g/g g/g 

All 

impurities 

< 4000 -- -- < 2200 < 3000 < 2800 

B
1)

 < 20 < 200 < 200 < 200 < 200 < 200 

Mg < 150 < 20 < 20 < 20 < 20 < 20 

Al < 700 400 108 410 55 650 

Ca < 750 250 650 78 430 870 

V
2)

 < 500 < 20 97 500 840 25 

Cr < 500 < 20 92 < 20 26 58 

Mn -- < 20 < 20 < 20 < 20 < 20 

Fe < 1600 < 200 430 < 200 < 200 < 200 

Ni < 500 < 20 95 48 60 < 20 

Cu -- < 20 < 20 < 20 < 20 < 20 

Zn -- < 300 540 < 300 470 < 300 

Mo -- < 30 < 30 < 30 < 30 < 30 

Cd < 20 < 10 < 10 < 10 < 10 < 10 

Sn -- 12 11 56 33 47 

Pb -- 750 650 360 420 330 

Th -- < 20 < 20 < 20 < 20 < 20 

C < 300 n.m. n.m. 308 ± 57 266 ± 53 215 ± 21 

Cl
3)

 < 25 n.m. n.m. 24 24 36 

F
3)

 < 25 n.m. n.m. 7 6 36 

Ag
4)

 -- n.m. n.m. n.m. n.m. n.m. 

Cu+Zn < 1400 < 300 < 540 < 300 < 470 < 300 

Mn+Mo+ 

Pb+Sn 

< 400 < 760 < 660 < 410 < 450 < 380 

Accuracy: <10 – 50%, element dependent (Am:<5%,Al, Zn:<20%, Ca, Fe: < 50%, all other < 10% 

n.m. = not measured 

1)  Due to the high B concentrations in the blank solutions (memory effects in ICP instrument) no B could be 

measured below ca. 200 ppm. 

2)  Due to the high molecular interferences on the masses 50/51 caused by ArN and ArNH in ICP-

 MS, the accuracy of the V results are only poor (> 50%). 

3)  Mean values of two results corrected with two independent blanks. 

4)  The determination of Ag was not performed because during the dissolution of MOX with HCl, Ag 

precipitates and is not measurable. 
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3.3.3.10  N and H content 

The nitrogen content was determined by hot extraction with LECO TC-436. The measured 

value of nitrogen content and volatile impurities, calculated from hydrogen and nitrogen content, 

are far above the specified value. The high nitrogen concentration can be explained as follows. 

After the sample was installed in the crucible for extraction, nitrogen was absorbed on the 

surface of the sample. This nitrogen was afterwards not eliminated completely because it was 

only flushed with He gas but no vacuum was applied. 

The hydrogen content was measured by hot extraction with LECO RH-404. The moisture 

was calculated from the total amount of hydrogen content. The results are given in Table 3.3-13. 

 

Table 3.3-13  N and H content of the fuel pellet 

 
Specified 

values 

7PN-T006 

(Pellet) 

7PN-T007 

(Pellet) 

7PN-T008 

(Pellet) 

Hydrogen g/g -- 20.7  2.4 9.3  1.3 10.3  2.4 

Nitrogen g/g < 200 750  36 678  39 765  30 

Volatile Impurities (N+H) l/gMOX < 180 830  56 645  45 727  51 

Moisture content (H2O/MOX) ppm < 150 186  22 83  11 93  22 
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3.4  MOX vipac particle fabrication[3] 

The following flow chart gives an overview of the fabrication route and the identification 

of the several material batches at each fabrication step. 

 

 

 

 

3.4.1  Vipac particle fabrication 

Two batches of MOX powder, 7PN-P012 and 7PN-P014, were used for the MOX vipac 

particle fabrication. After milling, binder was admixed homogenously to each powder batch. The 

powder was pressed to pellets with a die of 8 mm diameter. The applied pressure was 550 MPa for 

10 sec with punch and matrix motion. Afterwards the green pellets were crushed in the granulator 

with a 1.2 mm sieve and a rotating speed of 15 rpm. To gain the required amount of large fractions 

and to reduce the waste production, the green vipac particles were sieved manually with a 600 m 

and 100 m mesh size sieves to separate the largest and the smallest fractions. The middle fraction 

was compacted to pellets and crushed again to vipac particles. The green particles were split into 

four sinter batches and were sintered in the AET high temperature furnace with the conditions 

shown in Figure 3.4-1. 
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800°C, 2 h

1600°C
300°C/h

200°C/h

N2 + 8H2 (180 l/h) N2 + 8H2 + moisture

15 h5 h

 

Figure 3.4-1  Sintering program for MOX vipac particles 

 

 

After sintering, the particles were sieved with the electric sieving device into the different 

size fractions. Due to the small amount of fine particles, a part of the middle fraction was crushed 

with a mortar to gain more fine particles. The density of the particles was measured by 

He-pycnometry and the pictures of each fraction were taken to determine the circularity of the 

particle shape. The results are given in Table 3.4-1, -2 and Figure 3.4-2. 

 

Table 3.4-1  Overview of MOX vipac particle preparation 

Batch No. 7PN-V003 

Origin batch No. 7PN-P012, 7PN-P014 

Weight of the powder g 261.1 

wt% 0.2 
Addition of Zinc Stearat 

g 0.53 

Diameter of pressing tool mm 8 

Compaction pressure MPa 550 

g/cm
3

7.09 
Density of green pellet 

%TD 64.1 
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Table 3.4-2  Characteristics of sintered MOX vipac particles (batch 7PN-V003) 

Classification 

of particles 

Particle density 

(TD = 10.98 g/cm
3
) 

Pour 

density

Tap  

density

Circularity 

(weighted average)

m g/cm
3
 % TD g/cm

3
 g/cm

3
 - 

850-600 10.91 0.04 99.4 5.99 6.09 0.906 

600-425 10.85 0.03 98.8 5.67 5.78 0.883 

425-250 10.88 0.04 99.1 5.36 5.69 0.863 

250-106 10.89 0.06 99.2 5.52 5.80 0.859 

106-45 10.95 0.04 99.7 4.75 5.15 0.851 

45-25 11.00 0.05 100 4.46 5.41 0.873 

 

 

 

Figure 3.4-2  Sintered MOX particles of different size fractions (batch 7PN-V003) 

 

3.4.2  Characterisation of MOX vipac particles 

3.4.2.1  Structure and grain size 

Some of the largest particles (850-600 m) were embedded for ceramography 

examinations. The polished sample showed very dense material with low porosity, the pores 

being homogeneously distributed. 
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For thermal etching the embedding material was removed and the particles were placed 

into the AET furnace and the thermal treatment was performed. Afterwards the particles were 

embedded again and their structure was observed by light microscopy, see Figure 3.4-2. Small 

grain size in the order of 2 to 10 m could be observed (measured 2-dimensional).  

 

3.4.2.2  Pore size and porosity 

The pore size distribution and the porosity were analyzed for representative pictures from 

the ceramography of the largest particles. The analyzed area from the pictures was defined as the 

Region of Interest (ROI). 

The main part of the pores was in the Equivalent Circle Diameter (ECD) region of 2 to   

10 m and no pores were larger than 40 m. The pore size distribution is given in Figure 3.4-3. 

The amount of the pore area for each ECD region related to the ROI is shown in Figure 

3.4-4. The measured porosity of the ROI is somewhat higher than the porosity determined by the 

density measurement. 

 

Table 3.4-3  Porosity of the vipac particle microstructure 

Pore size (ECD) Pore fraction (%) 
Sample No. 

m For ROI For whole particle 

7PN-V003-1062 6.0 2.6 ~1 
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Figure 3.4-3   Vipac particle pore size distribution 
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Figure 3.4-4   Share of pore area for different pore diameter 

 

3.4.2.3  Pu distribution 

-autoradiography was performed in order to characterize the homogeneity of the Pu 

distribution in the particle. The ceramography of Batch 7PN-V003-1062 was exposed to Kodak 

CN 85 nitrate cellulose foils of 100 m thickness. The same stripe of Kodak CN 85 film was 

exposed for 10, 15 and 20 sec to one sample. The stripes were etched for 30 min at 60°C (etching 

agent was 2.5 N NaOH). After drying the stripes were scanned and picture analysis was 

performed. The data were averaged over a diameter of 100 m and 200 m.  

As a result, it can be concluded that no Pu hot-spot with more than 40% Pu with a diameter 

larger than 200 m exists. 

 

3.4.2.4  Lattice parameter and phase analysis 

XRD investigations were performed on the sample 7PN-V003-1062/1063. The sample 

showed a cubic single phase with no indications of a second phase. The determined lattice 

parameter is given in Table 3.4-4. 

 

Table 3.4-4  XRD results for MOX vipac particles 

Pellet identification Atomic composition Lattice parameter [nm] 

7PN-V003-1062/1063 (U0.8Pu0.2)O1.97 0.54462 ± 0.00089 
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3.4.2.5  O/M ratio 

The O/M measurements were performed by thermo gravimetry (TGA). From different 

particle size fractions, samples of 0.1 g were shortly oxidized at 850°C in air (50 ml·min
-1

) and 

then reduced in Ar+8%H2 (50 ml·min
-1

) at the same temperature for 80 min. The O/M values of 

the different samples are given in Table 3.4-5. 

 

Table 3.4-5   O/M ratio of MOX vipac particles batch 7PN-V003 

Vipac particle 

identification 

Particle size 

[ m] 

Specified 

O/M ratio 

Measured O/M 

ratio 

7PN-V003-1061 850-425 1.9687  0.0027 

7PN-V003-1062 850-425 1.9739  0.0010 

7PN-V003-1063 425-106 1.9700  0.0007 

7PN-V003-1065 106-25 

1.94-1.99 

1.9782  0.0024 

 

 

3.4.2.6  Chemical and nuclear characterisation 

A small amount of the sample was crushed in an agate mortar and around 100 mg of it was 

exactly weighted into a quartz flask. 1 ml 30%H2O2, 9 ml 30%HCl, 1 ml 65%HNO3 and one drop 

of 40%HF were added and then cooked (on an electric heating plate under reflux) until the sample 

changed into a clear, green solution. Nearly no residue was visible. The solution was transferred 

quantitatively into a PE-flask, gravimetrically diluted and spiked with Bi as internal standard. 

 

3.4.2.7  U and Pu content 

The quantitative analysis of plutonium and uranium was performed on the ICP-MS. The 

results are given in Table 3.4-6.  

The isotopic composition of plutonium P-18 was measured quantitatively by ICP-MS 

coupled with HPLC. The Pufiss is calculated from the isotopic composition of P-18 (Pufiss is 0.8829 

x Putot on 27.02.2004) and the measured Pu-content in the fuel. 

The Ufiss is given in the certificate of the depleted UO2 powder. 
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Table 3.4-6  U and Pu content in the MOX vipac particles 

 Specified 

values 

7PN-V003-1062/1063 

Pu / MOX g/kg 175 175  5 

U / MOX g/kg 704 696  21 

(U+Pu) / MOX  (calculated) g/kg >867 871  26 

Pu / (U+Pu)    (calculated) wt% 19.9 20.1  1.0 

U / (U+Pu)     (calculated) wt% 80.1 79.9  2.4 

Pufiss / (U+Pu) (27.02.2004) wt% 17.6 17.7 ± 0.9 

Ufiss / U        (20.9.1997) g/cm
3

0.3 0.3 

 

 

3.4.2.8  Am content  

The Am content was determined by -spectroscopy of the diluted solution of the dissolved 

vipac particles. The results are given in Table 3.4-7. The values are within the expected range. 

 

Table 3.4-7  Am content of the MOX vipac particles  

 
Specified 

values 
7PN-V003-1062/1063  

Am-241 / MOX (27.02.2004) g/g 1345 1580 

 

 

3.4.2.9  Impurities 

The impurities were measured semi-quantitatively by ICP-MS. The uncertainties of the 

semi-quantitative method are around 50% of the measured value. The results are given in Table 

3.4-8. Determination of Ag was not performed because during the dissolution of MOX with HCl, 

Ag precipitates and is not measurable. 

The measured value of Pb with 1800 ppm was much higher than the measured value for the 

pellet fuel in spite of the same starting powder batch. The raw data of three measurements show 

extremely large scatter which suggested unstable measurement. Therefore actual Pb impurity for 

the vipac particle can be assumed to be in the range of the pellet fuel. 

The B content could not measured accurately by ICP-MS. The reason for the relatively 

high uncertainty is based on the semi-quantitative approach and the difficulties connected with B 

detection. B from the standard material sticks to the walls of the measuring equipment and 
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produces a high B background during the subsequent measurement. 

Cl and F are determined by pyrohydrolysis and ion chromatography (IC). The value with 

the accuracy of 25% are within the specification. 

The total amount of impurities is calculated from the sum of all impurities except 

americium. The value is for all batches within the specification. 
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Table 3.4-8   Analysis data for the impurities 

Specified values 7PN-V003-1062/1063 
Element 

g/g g/g 

All impurities < 4000 < 3900 

B
1)

 < 20 < 200 

Mg < 150 < 20 

Al < 700 160 

Ca < 750 490 

V
2)

 < 500 97 

Cr < 500 89 

Mn - < 20 

Fe < 1600 420 

Ni < 500 45 

Cu - < 20 

Zn - < 300 

Mo - 70 

Cd < 20 < 10 

Sn - 12 

Pb - 1800 

Th - < 20 

C < 300 450 ± 19 

Cl
3)

 < 25 31 

F
3)

 < 25 15 

Ag
4)

 - n.m. 

Cu+Zn < 1400 < 300 

Mn+Mo+Pb+Sn < 400 < 1900 

Accuracy: <10 – 50%, element dependent (Am:<5%,Al, Zn:<20%, Ca, Fe: < 50%, all other < 10% 

n.m. = not measured 

1)  Due to the high B concentrations in the blank solutions (memory effects in ICP instrument) no B 

could be measured below ca. 200 ppm. 

2)  Due to the high molecular interferences on the masses 50/51 caused by ArN and ArNH in 

ICP-MS, the accuracy of the V results are only poor (> 50%). 

3) Mean values of two results corrected with two independent blanks. 

4) The determination of Ag was not performed because during the dissolution of MOX with HCl, 

Ag precipitates and is not measurable. 
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3.4.2.10  N and H content 

The nitrogen content was determined by hot extraction on the LECO TC-436 in a glove 

box with nitrogen atmosphere. The measured value of nitrogen content and volatile impurities, 

calculated from hydrogen and nitrogen content, were far above the specified value. The high 

nitrogen concentration can be explained as follows. After the sample was installed in the 

crucible for extraction, nitrogen was absorbed on the surface of the sample. This nitrogen was 

afterwards not eliminated completely because it was only flushed with He gas but no vacuum 

was applied. 

The hydrogen content was measured by hot extraction on the LECO RH-404 in a glove 

box with nitrogen atmosphere. The moisture was calculated from the total amount of hydrogen 

content. The results are given in Table 3.4-9. 

 

Table 3.4-9  N and H content 

 
Specified 

values 
7PN-V003-1062/1063 

Hydrogen g/g - 34.6  4.6 

Nitrogen g/g < 200 675  19 

Volatile Impurities (N+H) l/gMOX < 180 926  66 

Moisture content (H2O/MOX) ppm < 150 311  40 
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3.5  Fuel segments fabrication[4]
  

The pin components were mainly designed and fabricated in JNC to deliver PSI. Four 

types of fuel (MOX-SPF, Np-MOX-SPF, MOX pellet, MOX-VPF) were fabricated and 

characterized in the Hotlab of PSI. The pin segments were fabricated and inspected in PSI and 

were sent to NRG in Petten, NL, where the sixteen segments were assembled to eight test pins 

and the irradiation tests were performed. 

The overview of the fabricated segments and their assignment in the irradiation tests is 

shown in Table 3.5-1. 

 

Table 3.5-1  Summary of the test pins 

 

Irradiation 

tests 
Initial Sintering Test Restructuring Test (1) Restructuring Test (2) Power to Melt Test 

 Pin ID SPF I11 SPF I12 SPF R11 SPF R12 SPF R21 SPF R22 SPF P11 SPF P12

Segment 

ID-No. 
I 11U I 12U R 11U R 12U R 21U R 22U 

P 11H 

(P11U)* 
P 12U 

Segment 

type 
Pellet-1 SPF-2 Pellet-1 SPF-2 Pellet-1 SPF-2 Pellet-2 SPF-2 

Fuel type (U,Pu)O2 (U,Pu)O2 (U,Pu)O2 (U,Pu)O2 (U,Pu)O2 (U,Pu)O2 (U,Pu)O2 (U,Pu)O2

Fuel form Pellet Sphere-pac Pellet Sphere-pac Pellet Sphere-pac Pellet Sphere-pac

U
p

p
e
r 

s
e
g

m
e
n

t 

Filling 

method 
-- Infiltration -- Infiltration -- Infiltration -- Infiltration

Segment 

ID-No. 
I 11L 

I12d 

(I 12L)* 
R 11L R 12L R 21L 

R22d 

(R 22L)* 
P 11L P 12L 

Segment 

type 
SPF-2 VPF-1 SPF-2 SPF-3 SPF-1 VPF-1 Pellet-2 SPF-3 

Fuel type (U,Pu)O2 (U,Pu)O2 (U,Pu)O2 (U,Pu,Np)O2 (U,Pu)O2 (U,Pu)O2 (U,Pu)O2 (U,Pu,Np)O2

Fuel form Sphere-pac Vipac Sphere-pac Sphere-pac Sphere-pac Vipac Pellet Sphere-pac

L
o

w
e

r 
s

e
g

m
e

n
t 

Filling 

method 
Infiltration Simultaneous Infiltration Infiltration Simultaneous Simultaneous -- Infiltration

*The original cladding (ID in brackets) had to be exchanged during the fabrication of the fuel pin segments. 

A new designation was chosen for the identification of the segment. 

 

3.5.1 Pin components[5] 

Almost all pin components such as cladding tubes, end plugs, other parts for fixation of 

fuels in the tubes were made of PNC 1520 material (austenite stainless steel with high Ni 

containments) except for plenum springs of 304 stainless steel and fuel seal discs of tungsten 

(99.95%). Fabricated pin components and their materials are shown in Table 3.5-2. Analytical 

results of the cladding tubes are shown in Table 3.5-3. All the fabricated parts satisfied the 

specification for dimensions, visual inspections. 
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Table 3.5-2  Fabricated parts and materials 

Name Material 

Cladding 

Upper endplug 

Lower endplug 

Upper connecting endplug 

Lower connecting endplug 

Spacer 

Plenum sleeve cap 

Plenum sleeve tube 

Distance screw 

Fixation nut 

Plenum sleeve 

Particle retainer 

PNC1520 

Plenum spring SUS304-WPB 

Fuel seal disc W 

Table 3.5-3  Analytical result of cladding tubes 

Chemical components   (wt%) Components 

Items C Si Mn P S Ni Cr Mo Co B N 

Upper  0.080 1.00 2.00 0.040 0.010 21.50 15.50 3.00 0.05 0.0060 0.0100Specified 

limit lower 0.040 0.60 1.40 0.015 - 19.50 13.50 2.00 - 0.0020 - 

Test piece (1) 0.056 0.85 1.85 0.025 0.003 20.63 14.36 2.44 0.02 0.0031 0.0055

Test piece (2) 0.057 0.85 1.82 0.026 0.003 20.66 14.42 2.43 0.02 0.0030 0.0057

             

Chemical components   (wt%)   Components 

Items Cu Ti V Nb Ta As Al Zr O Fe  

Upper  0.20 0.35 0.20 0.15 0.05 0.030 0.050 0.10 0.0040 -  Specified 

limit lower - 0.15 - 0.05 - - - - - -  

Test piece (1) 0.02 0.23 0.03 0.095 <0.001 0.001 0.028 <0.01 0.0009 BaL.  

Test piece (2) 0.02 0.22 0.03 0.096 <0.001 0.001 0.027 <0.01 0.0008 BaL.  
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The cladding tubes were supplied from JNC to PSI with preweld connecting endplugs. 

After the welding of claddings and end connecting plugs, visual inspection, X-ray inspection 

and He leak test were performed to confirm the assurance. 

Detailed diameter of the every fuel segments can be found in Table 3.5-4 as the value 

of raw cladding tube before cutting to the specified length. 

Table 3.5-4  Diameter of segments 

Cladding No. 
Raw cladding tubes OD 

(mm) 

Raw cladding tubes ID 

(mm) Segment No. Fuel type 

Cladding No.

with welded 

end plugs Cut Raw Max Min Avr. Max Min Avr. 

Diameter of upper segments  (with end plugs)      

I11U PF 001 031-02 031 7.498 7.492 7.495 6.701 6.684 6.693

I12U SPF 004 032-02 

R11U PF 005 032-03 
032 7.491 7.484 7.488 6.696 6.679 6.688

R12U SPF 009 034-01 034 7.499 7.493 7.496 6.697 6.686 6.692

R21U PF 019 037-02 

R22U SPF 018 037-01 

P11H PF 020 037-03 

037 7.495 7.487 7.491 6.703 6.686 6.695

P12U SPF 013 035-02 035 7.500 7.495 7.498 6.700 6.686 6.693

Diameter of lower segments  (with end plugs)      

I11L SPF 001 022-01 022 7.493 7.487 7.490 6.700 6.682 6.691

I12d VPF 037 029-01 029 7.499 7.482 7.491 6.692 6.675 6.684

R11L SPF 006 023-03 023 7.498 7.491 7.495 6.699 6.682 6.691

R12L Np-SPF 007 024-01 

R21L SPF 008 024-02 
024 7.496 7.489 7.493 6.698 6.684 6.691

R22d VPF 040 029-03 029 7.499 7.482 7.491 6.692 6.675 6.684

P11L SPF 027 027-02 

P12L Np-SPF 031 027-03 
027 7.496 7.486 7.491 6.695 6.678 6.687
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3.5.2 Fuel segment fabrication 

For the pin segment fabrication the cladding with prewelded connecting end plug was 

mounted into a protection tube, which is necessary for the connection of the segment to the 

different glove-boxes at PSI. The segment was connected to the nitrogen flushed filling box in a 

vertical position and was filled with the fuel spheres. Afterwards the fuel column was fixed 

(except for the pellet segments) and the segment was disconnected and transferred to the welding 

box, where the other inner components were inserted. The segment was than evacuated and filled 

with He and the closure welding was performed. After decontamination the segment was 

dismantled from the protection tube and He-leak test, gamma-scan, X-ray inspection as well as the 

final inspection were performed.

3.5.3 Filling of MOX sphere-pac segments (Infiltration filling) 

In total four upper segments and two lower segments with a fuel length of 250 mm were 

fabricated with MOX fuel micro-spheres by infiltration.  The infiltration filling was performed as 

follows: 

a) The fuel seal disk was inserted into the cladding with a vacuum holder in the filling box. 

b) The micro spheres (230 m) for the lower insulation region were poured into the pin and 

the height of the insulation region was measured (approx. 10 mm). 

c) The coarse micro spheres were poured into the pin using a container with an aperture of 

2 mm for coordinated filling. While pouring, the pin was tapped by the vibrator (first 

vibration step). The frequency of the vibrator was 50 Hz (constant). The gap was 

considerably small causing a soft vibration. After pouring and densification of the coarse 

micro-spheres the height of the column was measured.  

d) The sieve device for fine particles infiltration was fixed on the coarse micro spheres 

column and the fine micro-spheres were poured onto the sieve device. The sieve device 

was designed to hold down the coarse micro-spheres while the fine micro spheres can 

pass through the sieve. 

e) The fine micro spheres were infiltrated into the interstices of the coarse micro-spheres 

column by tapping (second vibration step). Fine micro-spheres, which remained on the 

sieve, were removed by a vacuum syringe. The height of the column was measured after 

removing the sieve device. 

f) The sieve device was removed and the micro-spheres for the upper insulation region 

were poured into the pin (approx. 10 mm). The height of the column was measured. 

g) The particle retainer was mounted into the pin and the height was measured to assure the 

correct position. 

All MOX sphere-pac segments were fabricated without any failure and within the 

specified parameters. The summarized data of the segments is given in Table 3.5-7  
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3.5.4 Filling of Np-MOX sphere-pac segments (Infiltration filling) 

In total two lower segments were fabricated with Np-MOX fuel micro-spheres by 

infiltration. The infiltration filling was performed according to Chapter 3.5.3. The length of the 

fuel column was reduced to the lower limit of specification (245 mm) due to the higher micro 

sphere density than expected, which would maybe exceed the limit of Pu-content for the transport 

to Petten. The summarized data of the Np-MOX Sphere-pac segments are given in Table 3.5-8. 

 

3.5.5 Filling of MOX sphere-pac segments (Parallel filling) 

One lower segment with a fuel length of 250 mm was fabricated with MOX fuel 

micro-spheres by parallel filling. The parallel filling was performed as follows: 

a) The fuel seal disk was inserted into the cladding by a vacuum holder. 

b) The spheres for the lower insulation region were poured into the pin and the height of the 

insulation region was measured (approx. 10 mm). 

c) Both coarse and fine fractions were prepared and loaded into the respective feeders. The 

feed rates were adjusted to complete feeding simultaneously. 

d) The spheres of both fractions were poured simultaneously into the pin by the feeders. 

The pin was not vibrated during pouring the spheres. 

e) After pouring the fuel column was axially fixed with a fixed or a spring-like 

holding-down device to prevent the segregation of the two fractions during vibration. 

The vibration was interrupted several times to check the densification of the fuel column. 

After no further densification was observed the height of the fuel column was measured.  

f) The spheres for the upper insulation region were poured into the pin (approx. 10 mm). 

The height of the column was measured. 

g) The particle retainer was mounted into the pin and the height was measured to assure the 

correct position. 

The MOX sphere-pac segment was fabricated without any failures and within the 

specified parameters. The summarized data of the segments is given in Table 3.5-8.  

 

3.5.6 Filling of MOX pellet segments 

Three upper segments with a fuel length of 50 mm, one upper segment with a fuel length 

of 250 mm and one lower segment with a fuel length of 250 mm were filled with MOX fuel 

pellets. The fabricated pellets have been preselected for each segment from the three fabrication 

batches and filled one by one into the respective segment. The detailed data of each pellet and 

their order in the segments are given in Table 3.5-9 ~ 3.5-13. The original cladding for the 

planned segment P11U was damaged during mounting the clamp for the welding process. It was 

replaced by a spare one from the stock. The new designation has been defined as P11H. All 

MOX pellet segments are within the specified parameters. The summary data of the MOX pellet 
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segments is given in Table 3.5-14. 

 

3.5.7 Filling of MOX vipac segments (Parallel filling) 

Two lower segments were fabricated with MOX vipac particle fuel. The particles were 

mixed with a fixed ratio according to Table 3.5-5. The particle sizes from 850 to 106 m were 

filled in a container for coarse fraction and the particle sizes from 106 to 25 m into another 

container for fine fraction. These two mixtures were than poured into the segment using the 

equipment for parallel filling. The filling of the segments was performed as following: 

a) The first fuel seal disk was inserted into the cladding by a vacuum holder in the filling 

box. 

b) A first layer of insulator micro spheres (230 m) was poured into the segment and the 

height was measured (approx. 5 mm). 

c) A second layer of insulator micro spheres (70 m) was poured into the segment and the 

height of the second layer as well as the total height of the lower insulator was measured 

(approx. 10 mm). 

d) The second fuel seal disk was inserted into the cladding by a vacuum holder. 

e) The coarse and fine fractions mixtures were prepared and loaded into the respective 

feeders. The feed rates were adjusted to complete feeding of fine fraction with a delay of 

approx. 2 sec to the coarse fraction. 

f) The particles of both fractions were poured simultaneously into the pin by the feeders. 

The pin was not vibrated during pouring. 

g) Vibro-compaction by vibration of 500-700 Hz with a sweeping rate of 100 Hz/sec and an 

acceleration of 35 G at 600 Hz was applied. 

h) A fine fraction layer on the top of the fuel column was removed by a vacuum syringe. 

The height of the column was measured. 

i) The third fuel seal disk was inserted into the cladding by a vacuum holder. 

j) A first layer of insulator micro spheres (70 m) was poured into the segment and the 

height was measured (approx. 5 mm). 

k) A second layer of insulator micro spheres (230 m) was poured into the segment and the 

height of the second layer as well as the total height of the upper insulator zone was 

measured (approx. 10 mm). 

l) The particle retainer was mounted into the pin and the height was measured to assure the 

correct position. 

The original claddings I11L and R22L were filled, welded and gamma-scanned. But then 

inconsistency in the segment R22L was observed. The special plenum sleeve was shortened 

during gamma scanning and could no longer fix the fuel column. Therefore it was decided to 
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reopen both segments, I11L and R22L, using a tube cutter. The fuel was recovered by the 

vacuum syringe and sieved again. To prevent this failure in the future, the screw of the special 

plenum sleeve was fixed by a laser spot weld after adjusting its length. The segments were 

replaced by new ones from the stock and new designations I11d and R22d were defined. 

The new segments were filled without any problems. The removed material from the top 

layer of the fuel column consists of mainly larger particles; therefore the effective particle size 

fraction in the fuel segment was recalculated and is given in Table 3.5-5. The summary data of 

the MOX Vipac segments are given in Table 3.5-8. 

 

Table 3.5-5  Effective particle size fraction in the segments of vipac 

Particle size Specified (%) I12d R22d 

850-600 50 47.4 48.5 

600-425 9.9 9.4 9.2 

425-250 4.55 4.3 4.1 

250-106 4.55 4.3 3.8 

106-45 18 20.2 19.9 

45-25 13 14.4 14.5 

 

 

3.5.8 Closure end plug welding 

3.5.8.1  Welding parameter 

Main data of the welding parameters is listed below. 

Welding electrode: Diameter 1 mm, W/Th 2% 

Open circuit voltage: 200 V 

Welding gas:   He 99.999% 

 

Table 3.5-6  Welding parameters 

Time 

[sec] 

Current 

[A] 

Speed 

[rpm] 

0.1 7 0 

4 7 16 

5.5 17 16 

3.2 17-2 16 
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3.5.8.2  Welding procedure 

The welding was performed inside the glove-box with the active welding equipment 

(welding chamber). The length of the special plenum sleeve was adjusted outside the box and 

laser spot welding was performed in the workshop to assure the adjusted length. The filled pin 

was connected horizontally to the welding box. Afterwards the edge of the cladding was cleaned 

with Kleenex tissue and alcohol and a smear test of the cladding edge was taken (between 0 and 

1.3 cps for all smear tests was measured, i.e. clearly below the contamination limit of 2 cps). 

The inner components were then assembled. The cladding was fixed in the clamp system and the 

chill was mounted according to Figure 3.5-1. The clamp system was connected to the welding 

chamber where the cleanliness of the cladding edge was checked visually with the light monitor. 

Afterwards the open cladding was closed with a valve with a filter paper and the chamber was 

evacuated up to <10
-4

 bar and filled with pure He with a pressure of 1.1 bar. The welding was 

performed under a He-gas flow of 4.5 l/h. During welding, a control plot of the voltage, the 

current and the rotation angle was made. After welding the clamp system was disconnected from 

the welding chamber and the welded joint region was cleaned with alcohol. The segment was 

transferred to the decontamination box, where the welded region was checked on contamination 

(no contamination was detected on any segment). Afterwards the segment was dismantled from 

the protection tube and the He-leak test was performed. 

All the welds showed a good quality without remarkable failures. The coloring was 

similar to the qualification welding.  

 

Clamp   
2 - 300028 P2   

Chill  
2-300028 P1 

End plug  Cladding  

3

0.1 

0.4

 

Figure 3.5-1  Layout of the welding tools and position of the welding electrode 

 

3.5.9 He-leak test 

The He-leak test was performed using the equipment Balzers HTL 150. The segment was 

placed into a measure tube of a volume of ~470 cm
3
. In a first step, the empty tube was 

evacuated and the leak rate was measured after 2 min. Afterwards the segment was inserted into 

the tube and the leak rate was determined after 2 min. All values are within the specification. 

The data is given in Table 3.5-7, 3.5-8 and 3.5-14. 
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3.5.10  Gamma scan 

The axial fuel density distribution in the Sphere-pac and vipac segments was measured 

by gamma absorption spectrometry as shown in Figure 3.5-2. The welded pin was connected 

horizontally into the gamma-scan equipment with a clamp (made of Teflon), the connection end 

plug positioned at the bottom. The start position was 10 mm from the lower segment end and the 

total measured length was 300 mm. The segment was then scanned with a step size of 1 mm and 

a measuring time of 100 sec at each point. The density at each point was calculated from the 

measured counts using a PSI program. The graphs of the density distribution of each segment 

are given in Figure 3.5-3 ~ 3.5-8. 

 

1  Lower End Plug 

2  Lower Insulation Region 

3  Fuel Region 

4  Upper Insulation Region 
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Figure 3.5-2  Overview of gamma-scan equipment   
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Table 3.5-7  Summarized data of MOX sphere-pac segments (infiltrated) 

  Specified I12U R12U R22U P12U I11L R11L 

UO2 insulator 1 (near connection end plug) 

Sphere batch and size [ m] 230 O-875 / 212-250 m 

Length [mm] 10  1 9.92 9.94 9.90 9.94 9.99 10.01 

Weight [g] -- 2.32 2.33 2.33 2.33 2.33 2.33 

Smear density vol. * [g/cm
3
] 6.8  0.2 6.63 6.65 6.68 6.65 6.62 6.60 

Fuel column 

Coarse batch and size [ m] 800 O-20P-00Np-003-1109 / 710-800 m 

Coarse Sphere density [g/cm
3
]  10.57 

Coarse Sphere O/M [-] -- 1.956 

Coarse Sphere weight [g] -- 56.83 56.83 56.86 56.87 56.84 56.90 

Fine batch and size [ m] 70 O-20P-00Np-003-1110 / 63-75 m 

Fine Sphere density [g/cm
3
]  10.96 

Fine Sphere O/M [-] -- 1.977 

Fine Sphere weight [g] -- 20.08 19.74 19.79 20.05 19.96 19.60 

Fuel length [mm] 250 5 250.8 248.9 249.1 250.1 250.9 249.1 

Total fuel O/M [-] 1.97 0.02 1.961 1.961 1.961 1.961 1.961 1.961 

Total fuel weight [g] -- 76.91 76.57 76.65 76.92 76.80 76.50 

Packing fraction c.s. - 0.61 0.608 0.613 0.612 0.610 0.608 0.613 

Packing fraction f.s. - 0.53 0.529 0.530 0.531 0.533 0.525 0.526 

Packing fraction tot - 0.82 0.815 0.818 0.818 0.818 0.814 0.817 

Smear density vol * [g/cm
3
] 8.7  0.2 8.70 8.72 8.73 8.73 8.68 8.71 

Smear density / TD [% TD] 79  2 79.2 79.5 79.5 79.5 79.1 79.3 

Putot content vol * [g/cm
3
] 1.54 1.60 1.61 1.61 1.61 1.60 1.61 

Pufiss content vol * 

(Date 30.06.2003) 

[g/cm
3
] 1.36 1.42 1.43 1.43 1.43 1.42 1.43 

UO2 insulator 2 (near closure end plug) 

Sphere batch and size [ m] 230 O-875 / 212-250 m 

Length [mm] 10  1 9.70 9.70 9.75 10.00 9.92 10.10 

Weight [g] -- 2.32 2.32 2.32 2.33 2.33 2.32 

Smear density vol. * [g/cm
3
] 6.8  0.2 6.78 6.78 6.75 6.61 6.66 6.52 

Inspection after welding 

Welded joint diameter [mm] <7.65 7.62 7.63 7.61 7.63 7.61 7.60 

He filling pressure [bar] 1  0.1 1.01 1.01 1.01 1.01 1.02 1.01 

He leak test [mbar l/s] < 3E-7 1.6E-9 1.6E-9 2.1E-9 1.3E-9 1.7E-9 1.2E-9

Gamma scan (average over 6 mm) 

Peak density in fuel zone [g/cm
3
] < 8.87 8.79 8.78 8.80 8.79 8.78 8.79 

Location of peak density [mm from insulator 1] 176 170 196 99 134 78 

Min density in fuel zone [g/cm
3
] - 8.30 8.41 8.39 8.49 8.07 8.14 

Location of min density [mm from insulator 1] 248 246 246 247 248 246 

* Over the whole stack length with the cladding inner diameter 
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Table 3.5-8  Summarized data of Np-MOX sphere-pac, MOX sphere-pac (parallel) and MOX vipac segments 

  Specified R12L P12L R21L I12d R22d 

   Infiltration Np-MOX Parallel Parallel MOX Vipac

UO2 insulator 1 (near connection end plug) 

Sphere batch   O-875 O-875 O-875 / O-1087 

Sphere Size [ m] 230 212-250 212-250 212-250 / 63-75 

Length [mm] 10  1 10.09 9.98 9.97 9.79 9.20 

Weight [g] -- 2.35 2.33 2.33 2.34 2.35 

Smear density vol. * [g/cm
3
] 6.8  0.2 6.61 6.62 6.63 6.78 7.25 

Fuel column 

Coarse particle batch   O-20P-05Np-003-1121 O-20P-00Np-003-1109 7PN-V003 

Coarse particle size [ m] 800 710-800 710-800 850-106 

Coarse particle 

density 

[g/cm
3
]  10.90 10.57 10.900 

Coarse particle O/M [-]  1.947 1.956 1.969 / 1.974 

Coarse particle weight [g]  58.00 58.28 50.13 50.0 / 9.9 

Fine particle batch   O-20P-05Np-003-1119 O-20P-00Np-003-1124 7PN-V003 

Fine particle size [ m] 70 63-75 180-212 106-25 

Fine particle density [g/cm
3
]  10.80 10.99 10.969 

Fine particle O/M [-]  1.976 1.955 1.970 / 1.978 

Fine particle weight [g]  18.97 19.05 17.02 4.6 / 18.0 

Fuel length [mm] 250 5 244.6 245.1 245.8 248.5 248.8 

Total fuel weight [g] -- 76.97 77.33 67.15 73.05 73.05 

Total fuel O/M [-] 1.97 0.02 1.954 1.954 1.9555 1.9715 

Packing fraction c.s. - 0.61 0.617 0.619 0.547 -- -- 

Packing fraction f.s. - 0.53 0.532 0.535 0.395 -- -- 

Packing fraction tot - 0.82 0.821 0.823 0.726 0.763 0.762 

Smear density vol * [g/cm
3
] 8.7  0.2 8.93 8.95 7.75 8.34 8.33 

Smear density / TD [% TD] 79  2 81.3 81.5 70.6 75.9 75.8 

Putot content vol * [g/cm
3
]  1.57 1.57 1.42 1.46 1.46 

Pufiss content vol * [g/cm
3
]  1.40 1.40 1.27 1.30 1.30 

Np content vol * [g/cm
3
]  0.39 0.39 - - - 

UO2 insulator 2 (near closure end plug) 

Sphere batch   O-875 O-875 O-875 / O-1087 

Sphere Size [ m] 230 212-250 212-250 212-250 / 63-75 

Length [mm] 10  1 9.96 9.98 9.56 9.9 9.9 

Weight [g] -- 2.39 2.38 2.33 2.36 2.39 

Smear density vol. * [g/cm
3
] 6.8  0.2 6.81 6.76 6.91 6.76 6.85 

Table continues next page
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*  Over the whole stack length with the cladding inner diameter 

** The smear density in the segment is higher than expected due to the high sphere densities. Therefore the 

peak density is over the specified absolute value but within  2% of the average value. 

  Specified R12L P12L R21L I12d R22d 

   Infiltration Np-MOX Parallel Parallel MOX vipac

Inspection after welding 

Welded joint diameter [mm] <7.65 7.61 7.62 1.01 7.60 7.60 

He filling pressure [bar] 1  0.1 1.02 1.03 1.4E-9 1.01 1.01 

He leak test [mbar l/s] <3E-7 1.8E-9 1.0E-9 1.4E-9 2.5E-9 2.7E-9 

Gamma scan (average over 6 mm) 

Peak density in fuel 

zone 

[g/cm
3
] < 8.87 9.02** 9.03** 7.84 8.509 8.60 

Location of peak 

density 

[mm from insulator 1] 178 110 88 58 125 

Min.density in fuel 

zone 

[g/cm
3
] - 8.49 8.73 7.26 7.93 6.80 

Location of Min. 

density 

[mm from insulator 1] 242 242 243 239 246 
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 Table 3.5-9  Pellet data for segment I11U 

Diameter Height Weight Density Density O/M 
Pellet ID 

mm mm g g/cm
3
 %TD - 

Connection end plug  - -  -  -  -  - 

7PN-T04U-2 6.499 9.55 3.264 10.35 94.7 1.990 

7PN-T007-1 6.503 9.72 3.372 10.47 95.4 

7PN-T007-2 6.497 9.90 3.437 10.49 95.6 

7PN-T007-4 6.503 9.88 3.433 10.49 95.6 

7PN-T007-5 6.495 10.05 3.483 10.48 95.5 

7PN-T007-6 6.496 10.02 3.466 10.46 95.3 

1.967 

7PN-T04U-3 6.490 9.93 3.404 10.39 95.0 1.990 

Plenum spring  - -  -  -  -  - 

 

 

Table 3.5-10  Pellet data for segment R11U 

Diameter Height Weight Density Density O/M 
Pellet ID 

mm mm g g/cm
3
 %TD - 

Connection end plug  - -  -  -  -  - 

7PN-T04U-4 6.498 9.58 3.283 10.37 94.8 1.990 

7PN-T007-7 6.507 10.06 3.485 10.44 95.1 

7PN-T007-8 6.503 9.96 3.449 10.46 95.3 

7PN-T007-9 6.501 9.89 3.435 10.49 95.6 

7PN-T007-13 6.502 10.21 3.532 10.45 95.2 

7PN-T007-14 6.497 10.13 3.506 10.47 95.4 

1.967 

7PN-T04U-5 6.498 9.92 3.398 10.36 94.7 1.990 

Plenum spring  - -  -  -  -  - 
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Table 3.5-11  Pellet data for segment R21U 

Diameter Height Weight Density Density O/M 
Pellet ID 

mm mm g g/cm
3
 %TD - 

Connection end plug  - -  -  -  -  - 

7PN-T04U-6 6.497 9.74 3.332 10.36 94.7 1.990 

7PN-T008-27 6.508 10.10 3.475 10.37 94.3 

7PN-T008-28 6.504 9.79 3.380 10.42 94.8 

7PN-T008-30 6.509 10.09 3.473 10.37 94.3 

7PN-T008-32 6.504 10.14 3.492 10.40 94.6 

7PN-T008-34 6.51 9.89 3.412 10.40 94.6 

1.976 

7PN-T04U-7 6.498 9.69 3.307 10.33 94.5 1.990 

Plenum spring  - -  -  -  -  - 
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Table 3.5-12  Pellet data for segment P11H 

Diameter Height Weight Density Density O/M 
Pellet ID 

mm mm g g/cm
3
 %TD - 

Connection end plug  - -  -  -  -  - 

7PN-T04U-8 6.505 9.94 3.389 10.30 94.2 1.990 

7PN-T008-1 6.506 10.09 3.479 10.37 94.3 

7PN-T008-25 6.510 10.13 3.483 10.42 94.8 

7PN-T008-3 6.505 9.32 3.209 10.37 94.3 

7PN-T008-4 6.508 9.83 3.391 10.40 94.6 

7PN-T008-5 6.505 10.19 3.509 10.40 94.6 

7PN-T008-6 6.503 10.02 3.458 10.37 94.3 

7PN-T008-7 6.507 9.87 3.408 10.42 94.8 

7PN-T008-8 6.507 10.13 3.491 10.37 94.3 

7PN-T008-9 6.507 9.70 3.342 10.40 94.6 

7PN-T008-10 6.509 9.94 3.430 10.40 94.6 

7PN-T008-11 6.498 10.05 3.448 10.37 94.3 

7PN-T008-12 6.511 9.92 3.421 10.42 94.8 

7PN-T008-13 6.510 10.10 3.483 10.37 94.3 

7PN-T008-14 6.509 9.85 3.397 10.40 94.6 

7PN-T008-15 6.509 9.84 3.395 10.40 94.6 

7PN-T008-16 6.507 9.79 3.375 10.37 94.3 

7PN-T008-29 6.508 9.93 3.418 10.42 94.8 

7PN-T008-33 6.506 10.07 3.470 10.37 94.3 

7PN-T008-19 6.509 10.01 3.450 10.40 94.6 

7PN-T008-20 6.509 9.76 3.361 10.40 94.6 

7PN-T008-21 6.508 9.94 3.429 10.37 94.3 

7PN-T008-22 6.503 10.37 3.571 10.42 94.8 

7PN-T008-23 6.508 9.99 3.444 10.37 94.3 

7PN-T008-24 6.508 9.92 3.420 10.40 94.6 

7PN-T008-26 6.506 10.13 3.489 10.40 94.6 

1.976 

7PN-T04U-11 6.504 9.96 3.411 10.40 95.1 1.990 

Plenum spring  - -  -  -  -  - 
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Table 3.5-13  Pellet data for segment P11L 

Diameter Height Weight Density Density O/M 
Pellet ID 

mm mm g g/cm
3
 %TD - 

Connection end plug  - -  -  -  -  - 

7PN-T04U-13 6.495 9.20 3.14 10.35 94.7 1.990 

7PN-T006-2 6.500 10.66 3.720 10.54 95.8 

7PN-T006-3 6.500 10.66 3.718 10.54 95.8 

7PN-T006-4 6.499 10.07 3.515 10.55 95.9 

7PN-T006-5 6.49 9.98 3.460 10.51 95.5 

7PN-T006-6 6.498 10.03 3.494 10.53 95.7 

7PN-T006-7 6.485 9.94 3.445 10.52 95.6 

7PN-T006-8 6.492 10.02 3.471 10.50 95.4 

7PN-T006-9 6.504 9.97 3.467 10.50 95.4 

7PN-T006-10 6.502 10.12 3.528 10.52 95.6 

7PN-T006-13 6.490 10.00 3.471 10.52 95.6 

7PN-T006-15 6.500 10.02 3.492 10.53 95.7 

7PN-T006-16 6.495 10.10 3.519 10.54 95.8 

7PN-T006-17 6.498 10.10 3.522 10.54 95.8 

7PN-T006-18 6.499 10.06 3.509 10.54 95.8 

7PN-T006-20 6.495 10.14 3.535 10.55 95.9 

7PN-T006-21 6.498 10.03 3.494 10.53 95.7 

7PN-T006-22 6.500 10.09 3.518 10.53 95.7 

7PN-T006-23 6.501 9.91 3.455 10.53 95.7 

1.978 

7PN-T007-15 6.500 10.10 3.497 10.44 95.1 

7PN-T007-16 6.502 9.98 3.460 10.47 95.4 

7PN-T007-17 6.497 10.04 3.477 10.47 95.4 

7PN-T007-18 6.505 10.07 3.493 10.47 95.4 

7PN-T007-19 6.495 10.02 3.472 10.49 95.6 

7PN-T007-20 6.501 10.03 3.476 10.47 95.4 

7PN-T007-21 6.500 10.02 3.477 10.49 95.6 

1.967 

7PN-T04U-14 6.500 9.34 3.190 10.33 94.5 1.990 

Plenum spring  - -  -  -  -  - 
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Table 3.5-14  Summarized data of MOX pellet segments 

  Specified I11U R11U R21U P11H P11L 

UO2 insulation 1 (near connection end plug) 

Pellet batch   7PN-T04U 7PN-T04U 7PN-T04U 7PN-T04U 7PN-T04U 

Pellet density [g/cm
3
] 10.4  0.2 10.35 10.37 10.36 10.30 10.36 

O/M ratio of pellets [-] 2.00…2.02 1.990 

Length [mm] 10  1 9.51 9.59 9.76 9.94 9.2 

Weight [g] -- 3.264 3.283 3.332 3.389 3.140 

Smear density vol.** [g/cm
3
] 9.79  0.2 9.73 9.71 9.76 9.67 9.68 

Fuel column 

Pellet batch   7PN-T00

7 

7PN-T00

7 

7PN-T00

8 

7PN-T00

8 

7PN-T006 / 

7PN-T007 

Pellet density [g/cm
3
] 10.4  0.2 10.478 10.462 10.392 10.392 10.513 

O/M ratio of pellets [-] 1.97  0.02 1.967 1.967 1.976 1.976 1.978/1.967*

Fuel length [mm] 3 x 50  5

2 x 250 5

49.72 50.36 50.14 249.10 252.31 

Fuel weight [g] -- 17.191 17.407 17.232 85.769 87.683 

Smear density vol.** [g/cm
3
] 9.82  0.2 9.81 9.80 9.75 9.77 9.86 

Smear density / TD [% TD] 89  2 89.3 89.3 88.8 89.0 89.8 

Putot content vol.** [g/cm
3
] 1.74 1.72 1.72 1.71 1.71 1.72 

Pufiss content vol.** 

(date 30.06.2003) 

[g/cm
3
] 1.53 1.53 1.53 1.52 1.52 1.53 

UO2 insulation 2 (near closure end plug) 

Pellet batch   7PN-T04U 7PN-T04U 7PN-T04U 7PN-T04U 7PN-T04U 

Pellet density [g/cm
3
] 10.4  0.2 10.39 10.36 10.33 10.40 10.33 

O/M ratio of pellets [-] 2.00…2.02 1.990 

Length [mm] 10  1 9.92 9.94 9.66 10.0 9.34 

Weight [g] -- 3.404 3.398 3.307 3.411 3.190 

Smear density vol. ** [g/cm
3
] 9.79  0.2 9.73 9.70 9.71 9.67 9.69 

Inspection after welding 

Welded joint diameter [mm] <7.65 7.626 7.630 7.624 7.633 7.615 

He filling pressure [bar] 1  0.1 1.02 1.02 1.00 1.0 1.02 

He leak test [mbar l/s] <3E-7 2.6E-8 4.0E-9 4.0E-9 4.9E-9 3.7E-9 

* Average value of 18 pellets from 7PN-T006 and 7 pellets from 7PN-T007: 1.975 

** Over the whole stack length with the cladding inner diameter 
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Table 3.5-15  Results of the final inspection 

Segment ID 

 

Segment bowing 

(mm) 

Flaw and Cleanliness

 

Loose contamination 

(Bq/cm
2
) 

I11U < 0.2 

Small scratches near 

side of connection end 

plug (already confirmed 

by JNC) 

0.00 

I12U < 0.2 OK 0.00 

R11U < 0.1 OK 0.00 

R12U < 0.3 

Small scratches near 

closure end plug  

(not critical) 

0.00 

R21U < 0.3 OK 0.00 

R22U < 0.3 OK 0.00 

P11H < 0.3 OK 0.01  

P12U < 0.2 OK 0.00 

I11L < 0.2 OK 0.02 

I12d < 0.3 
End plug side weld spot 

(not critical) 
0.00 

R11L < 0.2 OK 0.00 

R12L < 0.3 OK 0.00 

R21L < 0.1 OK 0.00 

R22d < 0.1 OK 0.00 

P11L < 0.1 OK 0.00 

P12L < 0.1 OK 0.00 

Loose contamination measurements:    Swept area:     107 cm2 

(ISO 7503-1)  Alpha Background 0.01 Bq 

Instrument efficiency  0.32 

Removal factor  0.1 

Source efficiency  0.25 
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Figure 3.5-3  Density profile of MOX sphere-pac segments (infiltration) 
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Figure 3.5-4  Density profile of MOX sphere-pac segments (infiltration) 
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Figure 3.5-5  Density profile of MOX sphere-pac segments (infiltration) 
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Figure 3.5-6  Density profile of Np-MOX sphere-pac segments (infiltration) 
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Figure 3.5-7  Density profile of MOX vipac segments parallel) 
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Figure 3.5-8  Density profile of MOX sphere-pac segment (parallel) 
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Figure 3.5-9  Protection tube for transportation 
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4  IRRADIATION TESTS 

4.1  Initial sintering test (IST)  

4.1.1  Summary of the test 

The initial sintering test (IST) was performed to obtain the restructuring data just after the 

initial start up for 36 h to the linear power of 530 W/cm. To simulate the radial profile of the fuel 

temperature in the fast reactor fuel, the cladding temperature was comtrolled to 400 ºC. IST data 

can be used to evaluate the restructuring performance of sphere-pac fuel with the data of the 1
st
 

restructuring test (48 h steady state irradiation) and the 2
nd

 restructuring test (96 h irradiation). 

Two SPF segments (I12U, I11L), one VPF (I12d) and one PF (I11U) were irradiated. All 

segments contained MOX fuel without Np. 

In the FUJI irradiation tests, the fuel power was determined using the measured coolant 

water flow and the temperature between inlet and outlet thermocouples. In the IST irradiation, it 

was observed that the measured coolant outlet temperature made a stepwise change in the south 

channel of the irradiation rig. The fact that there was no real change in fuel power could be 

deduced from the fact that the position of the fuel with respect to the reactor core did not change. 

The south channel power was 10.8 kW when the abnormality occurred. As the thermocouples at 

the coolant outlet showed strange indications after that, the irradiation was stopped. In spite of 

the check on the function of the instrumentation and the data acquisition systems, the cause 

could not be clarified. Therefore the second irradiation was performed and the phenomenon 

re-occurred at the power of 11.2 kW in the south channel. This made the estimation of the south 

power difficult but the irradiation up to the target power was continued based on the north 

power. 

Details of the problems are described in Chapter 4.3. 

 

4.1.2  Analysis of on-line data 

4.1.2.1  Axial power profile 

The axial power profile for eachted fuel pin irradia in the initial sintering test (IST) is 

shown in Figure 4.1-1. The profile is based on the axial distribution of Zr-95 which was 

obtained by the Gamma-scanning of the fuel column. The power peaking at the boundary 

between the MOX fuel and the UO2 insulator was remarkable in the pellet fuel segment, which 

stack length was 50 mm. On the other hand, due to the intermixing between the MOX spheres 

and the UO2 insulator spheres at the boundary of the sphere-pac fuel, the power peaking in these 

segments was less pronounced than in the pellet fuel segment. The definition for the axial 

reference point “pin center” is given in Figure 4.1-3. 

 

4.1.2.2  Radial power depression 

Since the power in the HFR irradiation is mainly caused by the thermal neutrons, the radial 

power depression due to the self-shielding effect in the fuel was computed at NRG by using the 
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as-fabricated data. The results of neutronic computation for each fuel segment are shown in 

Figure 4.1-2. Because the radial power depression depends on the smear density, I11U 

(MOX-PF; 9.81 g/cm
3
) showed the strongest power depression of 0.393. On the other hand, 

I12d (MOX-VPF; 8.34 g/cm
3
) showed the smallest depression of 0.458. It was 0.42~0.43 for 

I11L and I12U (MOX-SPF). 
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Figure 4.1-1  Axial power profile of fuel pins in IST 
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Figure 4.1-2  Radial power profile computed for each fuel segment in IST 
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4.1.2.3  Power history 

The power history during the IST irradiation is shown in Figure 4.1-4. In this figure, the 

power is averaged over 10 mm at the highest power position in I11U (MOX-PF), I11L and I12U 

(MOX-SPF) and I12d (MOX-VPF). In this test, the power should increase up to the final power 

in 36 hours but due to the problem during irradiation, it took about 46 hours and the maximum 

of the actual power reached the final power of 610~660 W/cm at the end of irradiation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.2.4  Cladding temperature 

The history of cladding temperature during IST is shown in Figure 4.1-5 and Figure 4.1-6. 

The cladding temperature during irradiation was measured with thermocouples located on the 

molybdenum shroud at 30 mm, 50 mm, and 70 mm for the 50 mm fuel stack, and at 55 mm, 118 

mm, 181 mm, and 244 mm from the pin center for the 250 mm fuel stack. 

Figure 4.1-5 shows the history of cladding temperature measured with thermocouples for 

I11U (MOX-PF) and I11L (MOX-SPF), respectively. Figure 4.1-6 shows the same for I12U 

Figure 4.1-4  Power history at the highest power position of each segment in IST 
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(MOX-SPF) and I12d (MOX-VPF), respectively. The thermocouple readings show that the 

cladding has a rather homogenous temperature except for the locations at the ends of the fuel 

stacks (30 mm and 244 mm) in some of the graphs. These locations are however of less 

importance to the experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.2.5  Thermal computations 

(1) Modeling with neutron radiography 

Before thermal computation were performed to decide the position for ceramography, the 

restructuring model in CEPTAR was calibrated with the results of neutron radiography for each 

fuel segment in IST and RT1 (1
st
 restructuring test).  

CEPTAR was used for the thermal computations of PF, SPF and VPF in this project. 

However, since the restructuring model in the code has not been verified for the restructuring of 

SPF and VPF, it had to be calibrated by using the image of neutron radiography. In CEPTAR, 

fuel restructuring is computed with the void migration model. For calibration, the void migration 

factor was modified so that the computed diameter of the central void corresponds to the 

diameter observed in the neutron radiographs of SPF and VPF.  

The results of comparison between the computed and the observed central void diameter is 
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Figure 4.1-5  History of cladding temperature (SPF-I11) 
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shown in Figure 4.1-7. In this figure, the central void diameters measured from the neutron 

radiographs for each fuel segment are plotted as red symbols, and the computed diameters are 

represented as the axial profile with black symbols. Each central void diameter is given relative 

to the fuel outer diameter in %. As shown in this figure, the central void diameters computed in 

lower power region were smaller than those obtained from the neutron radiographs. At the 

position of ceramography, the diameter of the central voids showed good agreement with that in 

the neutron radiographs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(2) Fuel center temperature  

Thermal computations were performed with CEPTAR, of which restructuring model was 

calibrated and verified with the result of IST and RT1. The results of thermal computations are 

described here.  

Based on the as-fabricated data and irradiation conditions in IST, fuel temperatures during 

irradiation were computed. The axial profiles of cladding temperature, linear heat rate and smear 

density, which was used for thermal computations are shown in Figure 4.1-8 with the plots of 

power and cladding temperature just at the final power. In addition, since the fuel stack had to be 

divided into nine axial nodes, the actual power was averaged in each axial node. Concerning the 

smear density of SPF and VPF, the as-fabricated profile was averaged in the range of fuel stack. 

The as-fabricated pellet density of each axial node was used for thermal computation. In order to 

imitate the radial temperature profile in fast reactor fuel, the cladding temperature during 

irradiation was planned to be controlled at 400 °C at a power of 530 W/cm.  

In the Figure 4.1-8, the cladding temperature of I11U (pellet) shows 200°C at the upper 

stack end but it seems to be unlikely that the temperature was actually such low. It can be 

supposed that the case thermocouple was slightly shifted from its location close to the end of the 

Figure 4.1-7  Results of comparison between observed and computed central void diameter in IST 
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fuel stack. 

Using the calibrated CEPTAR code, the fuel center temperature of each fuel segment during 

IST was computed. The computation results are shown in Figure 4.1-9. The left figures show the 

power history for each axial node, which was used for the thermal computation. The power and 

cladding temperatures in IST were higher than targeted. As shown in the left figures, the final 

power reached 704 W/cm in I11U (MOX-PF), 614 W/cm in I11L (MOX-SPF), 640 W/cm in I12U 

(MOX-SPF), and 629 W/cm in I12d (MOX-VPF). In the right figures, the computation results of 

fuel center temperature for each axial node are plotted with the fuel melting temperature. Since the 

fuel melting temperature calculated in CEPTAR has a dependence on the plutonium content and 

the O/M ratio, this temperature would change with a progress of migration of plutonium and 

oxygen during irradiation.  

The results of thermal computations for IST are summarized as follows:  

The fuel center temperature in I11U (PF) reached 2350 °C at the maximum power node, 

but central void formation did not take place.  

The maximum fuel center temperature in I11L (SPF) was computed to 2670 °C, and the 

central void diameter at the maximum power node reached 14% relative to fuel outer 

diameter.  

The maximum fuel center temperature in I12U (SPF) was computed to 2733 °C, which 

exceeded the fuel melting temperature of 2695 °C, and the central void diameter at the 

maximum power node reached 21% relative to fuel outer diameter. This indicates that 

fuel melting might have taken place close to the lower end of the fuel stack.  

The maximum fuel center temperature in I12d (VPF) was computed to 2712 °C, which 

exceeded the fuel melting temperature of 2695 °C as well as that in I12U, and the central 

void diameter at the maximum power node reached 27% relative to fuel outer diameter. 

Due to the lower smear density in VPF, the central void diameter was estimated to be 

larger than in SPF with higher smear density. In this segment, the maximum fuel center 

temperature was comparable close to the melting temperature of 2695 °C.  
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Figure 4.1-8  Axial profiles of cladding temperature, LHR, and smear density for SPF-I11 and SPF-I12 
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Figure 4.1-9  Results of thermal computation for each segment in IST 
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4.1.3  Selection of cutting positions for destructive PIE 

In the initial sintering test, ceramography was performed for all segments except for I11U 

(PF) since no remarkable restructuring could be expected for pellet fuel in the irradiation 

condition. Using the calibrated CEPTAR code, the axial position at which the radial temperature 

profile could imitate that under fast reactor conditions was evaluated by taking into account the 

higher power and cladding temperature during irradiation compared to the designated conditions. 

The computation results of radial temperature profile in I11L (MOX-SPF) and I12d (MOX-VPF) 

are shown in Figure 4.1-10.  

In Figure 4.1.10(a), the radial temperature profile at 90 mm from the pin center of SPF-I11 

pin is compared with that under fast reactor condition.  

The linear power and cladding temperature at the position in I11L (MOX-SPF) is locally 

535 W/cm and 415 °C, respectively. Under the fast reactor conditions, they would be 410 W/cm 

and 510 °C, respectively. As shown in this figure, the radial temperature profile at this position 

could imitate that under fast reactor conditions in the range of 5% around the fuel center. Since the 

aim of IST is to study the sintering behavior under imitated fuel radial temperature profiles for 

fast reoctor conditions, the ceramography sample for I11L (MOX-SPF) was obtained from this 

position.  

In Figure 4.1-10(b), the radial temperature profile at 140 mm from the pin center of SPF-I12 

is compared with that under fast reactor conditions. The power and cladding temperature at the 

position in I12d (MOX-VPF) is locally 520 W/cm and 410 °C, respectively. As shown in the 

figure, the radial temperature profile at this position could imitate that under fast reactor 

conditions in the range of 5% in the whole radial range. Especially, temperature difference around 

the fuel center was approximately 0%. Therefore the ceramography sample was obtained from 

this position in I12d (MOX-VPF).  

In case of I12U (MOX-SPF), no position fulfilled the conditions to imitate the radial 

temperature profile for a fast reactor because both, the power and cladding temperature, were 

much higher than the targeted. On the other hand, the maximum linear power in I12U was 

estimated to reach 660~680 W/cm. It was expected to exceed the melting power of 640 W/cm 

predicted for SPF with CEPTAR. From the experience in the PTM test in JOYO, a pore-free 

zone or dendrite structure might be observed on the surface of a sample in ceramography. 

Therefore, the sample position for I12U (MOX-SPF) should be selected for confirmation of the 

fuel melting.  

Consequently, the axial positions in fuel segments irradiated in the initial sintering test were 

decided as follows:   

I11L (MOX-SPF) : 90 mm from the upper surface of the spacer 

I12U (MOX-SPF) : 28 mm (Max.LHR position) from the lower surface of  

the lower connection end plug 

I12d (MOX-PF)  : 140 mm from the upper surface of the spacer 
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(a) at 90 mm from pin center in I11L 
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Figure 4.1-10  Comparison of radial temperature profile for the segments in IST 
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4.2  The 1st restructuring test (RT1)  

4.2.1 Summary of the test 

The 1
st
 restructuring test (RT1) was performed to obtain the restructuring data during 48 h 

steady state irradiation following the start up in 36h to the linear power of 530 W/cm. To simulate 

the radial profile of the fuel temperature under fast reactor condition, cladding temperature of 

400 ºC had to be kept. RT1 data can be used to evaluate the restructuring performance of 

sphere-pac fuel with the data of initial sintering test (without any holding time at 530 W/cm) and 

the 2
nd

 restructuring test (96 h steady state irradiation). Two MOX-SPF segments (R11U, R12U), 

one 5%Np-MOX-SPF (R22L) and one PF (R11U) were irradiated. 

After the difficulties with the measured coolant water outlet temperature in the IST, the 

instrumentation was checked carefully but the cause could not be clarified. Therefore the RT1 

irradiation was performed also to confirm if the problem reoccurred. As a result, the same 

phenomenon re-occurred at the south channel power of 18 kW (about 450 W/cm). As discussed 

and prepared beforehand, the irradiation was stopped and the sample holders in the south and 

north channel were exchanged for the second irradiation. In the second trial, the phenomenon 

occurred in the north channel at the power of 18 kW. Nevertheless the irradiation was continued 

and the steady state irradiation during 48 h was completed. This problem induced the uncertainty 

in the power estimation but in the RT1 irradiation it was smaller than that in IST since the power 

at which the problem occurred was very close to the final required power. 

Details of the problem are described in chapter 4.3.  

 

4.2.2  Analysis of on-line data 

4.2.2.1  Axial power profile 

The axial power profiles for each fuel pin irradiated in the 1
st
 restructuring test (RT1) are 

shown in Figure 4.2-1. The profile is based on the result of Gamma-scanning performed for each 

millimeter. The power peaking at the boundary between the MOX fuel and the UO2 insulator 

could be remarkably observed in the pellet fuel segment, of which stack length was 50 mm. Due 

to the intermixing between the MOX spheres and the UO2 insulator spheres at the boundary, the 

power peaking in the SPF was less than that in the pellet fuel segment.  

 

4.2.2.2  Radial power depression 

The radial power depression for each fuel segments was computed at NRG. The result is 

shown in Figure 4.2-2. Because the radial power depression depends on the smear density, R11U 

(MOX-PF; 9.80 g/cm
3
) shows the highest power depression of 0.395. The other three SPF 

(R11L, R12U, R12L; 8.7~8.9 g/cm
3
) show lower depression of 0.41~0.42.  

 

 

 



ＪＮＣ ＴＹ８４００ ２００５‐００６

 ｜ 135 ｜

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.2.3  Power history 

The power history during the IST irradiation is shown in Figure 4.2-3. In this figure, the 

power is averaged in the range of 10 mm at the highest power position in R11U (MOX-PF), 

R11L and R12U (MOX-SPF) and R12L (5%Np-MOX SPF). In this test, the power would 

 

0

100

200

300

400

500

600

700

800

900

-400 -300 -200 -100 0 100 200 300 400

Diastance from the pin center (mm)

P
o

w
e

r 
(W

/c
m

)

R11U (MOX PF)

R11L (MOX SPF)

R12U (MOX SPF)

R12L (Np-MOX SPF)

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1.10

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50

Radius (mm)

T
h

e
 p

o
w

e
r 

n
o

rm
a

li
s

e
d

 b
y

 t
h

e
 m

a
x

im
u

m
 (

fr
a

c
ti

o
n

)

R11U

R12U

R11L

R12L

Figure 4.2-2  Radial power profile computed for each fuel segment in RT1 
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increase up to the final power in 36 hours and hold for 48 hours. The actual power was 

somewhat higher, but the irradiation duration was as planned. In Figure 4.2-3, seven power dips 

during the steady state irradiation can be seen. This is because of manipulations of other 

experiments in the HFR. In order to ascertain that the power does not increase over the steady state 

value the experiment power was slightly reduced by moving it slightly away from the core. Such 

power reductions are considered to have a very small impact on the fuel behavior. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.2.4  Cladding temperature 

Figure 4.2-4 and Figure 4.2-5 show the history of cladding temperature measured in 

SPF-R11 and SPF-R12 during the irradiation, respectively. The left and right in Figure 4.2-4 are 

for R11U (MOX-PF) and R11L (MOX-SPF), respectively. Figure 4.2-5 is for R12U 

(MOX-SPF) and R12L (Np-MOX SPF). In order to imitate the radial temperature profile under 

fast reactor conditions, the cladding temperature should be controlled to 400 ºC at the power of 

530 W/cm, but the cladding temperature during RT1 was somewhat higher than the targeted 

temperature as shown in these figures. The irradiation conditions described in this section were 

used for thermal computations to decide on positions for ceramography. 

 

 

 

 

 

Figure 4.2-3  Power history at the highest power position of each segment in RT1 
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4.2.2.5  Thermal computations 

(1) Modeling with neutron radiography 

Prior to the thermal computations to decide the position for ceramography, the 

restructuring model in CEPTAR was calibrated with the results of neutron radiography for each 

fuel segment in IST and RT1 (the 1
st
 restructuring test).  

The irradiation duration of RT1 was about 87 hours, and the central void was clearly 

formed in each fuel segments. The central void diameter from the neutron radiographs were 

compared with the computed diameter as shown in Figure 4.2-6. The restructuring of SPF was 

computed by applying a void migration factor of 0.3, as a result of calibration with the results of 

IST.  

Consequently, the observed and the computed central void diameter were in good 

agreement. 

 

Figure 4.2-4  History of cladding temperature (SPF-R11) 

Figure 4.2-5  History of cladding temperature (SPF-R12) 
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(2) Fuel center temperature  

Thermal computations were performed by using CEPTAR, with the restructuring model 

being calibrated and verified with the results of IST and RT1. The results of thermal computations 

are described here.  

Based on the as-fabricated data and the irradiation conditions of each fuel segment, the fuel 

temperature during irradiation was computed. The axial profile of cladding temperature, the linear 

power and the smear (pellet) density, which was used for thermal computations, are shown in 

Figure 4.2-7. In order to imitate fast reactor conditions, the cladding temperature and the power 

was planned to be 400 °C at 530 W/cm. The power and cladding temperature at power reaches the 

final power are plotted in the figure. The actual power in RT1 was lower than in IST. Although the 

cladding temperature should be decreased in order to imitate the radial temperature profile in the 

fast reactor fuel under the HFR conditions, the actual cladding temperature during RT1 irradiation 

was higher than the targeted temperature of 400 °C.  

Using the calibrated CEPTAR code, the fuel center temperature of each fuel segment during 

IST was computed. The computation results are shown in Figure 4.2-8. The final power reached 

624 W/cm in R11U (MOX-PF), 576 W/cm in R11L (MOX-SPF), 554 W/cm in R12U 

(MOX-SPF), and 564 W/cm in R12L (Np-MOX SPF). In spite of filling Np-MOX spheres into 

R12L, the properties of MOX without Np were used for the thermal computation because the 

influence of 5% Np was expected to be negligible. The computation results of fuel center 

temperature for each axial node were plotted with the fuel melting temperatures, which changes 

due to plutonium migration. The central void diameter was computed by using the void migration 

model calibrated with the results of neutron radiography for each fuel segment. As a result, the 

Figure 4.2-6  R esult of comparison between observed and computed central void diameter in R T1 
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central void in each fuel segment increased with progress of irradiation, and the maximum 

diameter of central void in SPF reached about 30% compared to about 12% in PF at 580 W/cm.  

The results of thermal computation for RT1 are summarized as follows:  

The fuel center temperature in R11U (MOX-PF) reached about 2186 °C not at the 

maximum power node on the connection side but at the upper node on the plenum side, 

because the cladding temperature at the maximum power node was the lowest. The 

relative central void diameter at the maximum temperature node was about 12% relative 

to the fuel outer diameter at the end of irradiation.  

The maximum fuel center temperature in R11L (MOX-SPF) was computed to ~2640 °C, 

and the central void diameter at the maximum power node reached ~29% relative to fuel 

outer diameter at the end of irradiation.  

The maximum fuel center temperature in R12U (MOX-SPF) was computed to 2620 °C, 

but is expected not to have exceeded the melting temperature. The central void diameter 

at the maximum power node reached about 28% relative to fuel outer diameter at the end 

of irradiation.  

The maximum fuel center temperature in R12L (Np-MOX SPF) was computed to 

~2660 °C, and the central void diameter at the maximum power node reached 29% 

relative to fuel outer diameter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2-7  Axial profile of cladding temperature, LHR, and smear density for SPF-R11 and SPF-R12 
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Figure 4.2-8  Result of thermal computation for each segment in RT1 
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4.2.3  Selection of cutting positions for destructive PIE 

One sample from each segments was subjected ceramography in destructive post 

irradiation examination. Using the calibrated CEPTAR code, the axial position, at which the 

radial temperature profile could imitate that under fast reactor conditions, was evaluated by 

taking into account the higher power and cladding temperature during irradiation than the design 

conditions. The computation results of the radial temperature profile are shown in Figure 4.2-9.  

In Figure 4.2.9 (a), the radial temperature profile at 70 mm from the pin center of SPF-R11 

pin is compared with that under fast reactor conditions.  

The linear power and cladding temperature at the position in R11U (MOX-PF) is locally 

569 W/cm and 413 °C, respectively. Under fast reactor conditions, they are 410 W/cm and 510 °C, 

respectively. As shown in the figure, the radial temperature profile at this position could imitate 

that under fast reactor conditions in the range of ~5%. Therefore the ceramography sample for 

R11U (MOX-PF) was obtained from this position.  

In Figure 4.2.9 (b), the radial temperature profile at 90 mm from the pin center of SPF-R11 

pin is compared with that under fast reactor conditions. The power and the cladding temperature at 

this position in R11L (MOX-SPF) is locally 526 W/cm and 432 °C, respectively. As shown in the 

figure, the radial temperature profile at this position could imitate that under fast reactor 

conditions in the range of about 5%.  

In Figure 4.2.9 (c), the radial temperature profile at 93 mm from the pin center of SPF-R12 

pin is compared with that under fast reactor conditions. The power and the cladding temperature at 

this position in R12U (MOX-SPF) is locally 521 W/cm and 466 °C, respectively. The radial 

temperature profile at this position also could imitate that under fast reactor conditions in the 

range of about ~5%. 

In Figure 4.2.9 (d), the radial temperature profile at 95 mm from the pin center of SPF-R12 

pin is compared with that under fast reactor conditions. The power and the cladding temperature at 

this position in R12L (Np-MOX SPF) is locally 522 W/cm and 465 °C, respectively. The radial 

temperature profile at this position could imitate that under fast reactor conditions in the range of 

about 5%. Therefore, a ceramography sample was obtained from this position. 

Consequently, the axial positions for ceramography in the fuel segments irradiated in RT1 

were decided as follows:   

R11U (MOX-PF) :70 mm from the lower surface of the lower connection end plug 

R11L (MOX-SPF) : 90 mm from the upper surface on the lower segment 

R12U (MOX-SPF)    : 93 mm from the lower surface of the lower connection end plug 

R12L (Np-MOX SPF)  : 95 mm from the upper surface on the lower segment 
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(a) at 70 mm from pin center of R11U (MOX-PF)
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Figure 4.2-9  Comparison of radial temperature profiles for the segments in RT1 
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4.3  Problem on instrument during IST and RT1  

4.3.1 Summary 

In the IST and RT1 irradiation, the thermocouples at the coolant outlet lost reliability due 

to sudden stepwise change during power increase. As a result, one of the two channel powers 

were not available in both irradiation tests therefore they had to be estimated from the other 

functioning channel power. 

In this section, the estimated failure cause and countermeasures as well as the results are 

described. 

 

4.3.2 Problems during IST and RT1 irradiation[1] 

In the FUJI tests the fuel power is determined using the measured coolant water flow and 

the measured temperature difference between two coolant inlet thermocouples and three coolant 

outlet thermocouples. In the initial sintering test (IST) and the 1
st
 restructuring test (RT1) it was 

observed that in one of the two coolant channels present in the irradiation rig, the coolant outlet 

thermocouples showed unexpected behavior. During the IST and RT1 irradiation, it was 

observed that the measured power made a stepwise change, while the position of the fuel did not 

change, i.e. the real fuel power produced by the fuel was not changed (since the position to the 

core did not change). This indicated that the measured power became inaccurate. The step in the 

measured power was due to steps in the readings of the coolant outlet thermocouples. Examples 

of these steps are given in Figure 4.3-1 and Figure 4.3-2. Figure 4.3-1 shows the measurement 

result from channel 2 of the first IST. The coolant water thermocouples (2.1, 2.2, 2.3, 2.4, 2.5) and 

the position in the PSF are shown. The T.C. 2.3, 2.4 and 2.5 mark the coolant water outlet 

temperatures. It was observed that at time 21 hours the thermocouple signal of T.C. 2.3 and 2.4 

made a step, which was not attributed to a change in position. The variations in thermocouple 

temperatures at 22 hours were due to a short disconnection of the thermocouples from the DACOS 

computer system.  

 

  

 

 

 

 

 

 

 

 

Figure 4.3-1  Stepwise change of the coolant temperature in the first part of IST 
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Restructuring test 1 part 2, water outlet temperatures 342-04 at power increase at 29-02-2004 at 

22:43:00
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Figure 4.3-2  Detailed outlet thermocouple readings in the second part of RT1 

 

The three outlet thermocouples should give identical readings. This was indeed observed 

during the first part of the irradiation, but during the second part of the irradiation (when the 

measurement problem occurred), the three outlet thermocouples actually gave different readings. 

The power produced in the fuel is a very important parameter, both from a safety point of view 

and from an experimental point of view. During the performance of the experiments there were 

no safety concerns, since the fuel power in the coolant channel in which the problem occurred 

could be approximated from the power in the coolant channel without this problem. During IST 

and RT1 irradiation it was also observed that at the same moment when the power measurement 

problem occurred, also the temperature distribution inside the sample holder changed. 

During the complete experiment the thermocouple readings in the molybdenum shroud were 

monitored, as can be observed in Figure 4.3-3. It shows the readings of the central thermocouples 

in the sample holder #4 in the same period as shown in Figure 4.3-2. 

From this it can be concluded that the maximum temperatures of the Mo-shroud never 

increased above about 450 
o
C, except for two thermocouples, which increased for a 10-20 seconds 

period to about 520 
o
C. This corresponded to a maximum temperature increase compared with the 

pre-problem situation of 20-40
 o

C. The temperature increases were not identical for all 

thermocouples and all cases suggesting that some changes of coolant condition or gap width takes 

place, which could differ from case to case. From the measured Mo-shroud temperatures it can be 

concluded that the containment temperatures, which are always lower than the Mo-temperatures, 

never reached unsafe temperatures. 
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Figure 4.3-3  Detailed Mo shroud T.C. readings in the second part of RT1 

 

4.3.3 Result of post irradiation examination 

After completion of IST and RT1, post irradiation examination (PIE) was done. PIE on the 

sample holders of IST did not show anything unexpected or anything that could indicate the 

cause of the measurement problem. However, PIE on RT1 sample holders showed that the 

sample holder, in which the measurement problem occurred, had an unexpected appearance. The 

stainless steel inner and outer containment both had local stains on one side as shown in Figure 

4.3-4 and Figure 4.3-5. No stains were visible on the other side. No damage was observed on 

either of the containments. The containments of sample holder #3 of RT1 and of sample holder 

#1 and #2 of IST did not show such stains. 
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Figure 4.3-4  Outer view of the sample holder #4 of RT1 

Figure 4.3-5  Outer view of the sample holder #4 of RT1 (outer containment) 

Front tube and back tube is the inner containment and outer containment, respectively. 

Black stains can be observed on both containments at approximately identical axial 

positions. At the 180 degrees opposite side no stains are observed.  
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4.3.4  Estimation of the cause of the problem 

The appearance of sample holder #4 after the irradiation, together with the measurement 

data obtained during IST and RT1 lead to the following description of the cause of the 

measurement problem: 

1) Because of some reason the outer containment was slightly bended somewhat. This 

bending decreased the coolant gap between the sample holder and the irradiation rig on 

one side and increased it on the other side.  

2) This change of gap widths made the coolant flow on one side of the sample holder 

smaller than on the other side.  

3) This caused a temperature difference over the sample holder circum ference, which 

caused a further bending of the sample holder due to thermal expansion. 

4) By this feedback of the phenomenon, finally local boiling occurred at one side of the 

sample holder. In this step it accelerated the bending remarkably so the sample holder 

touched the inside of the irradiation rig as shown in Figure 4.3-6.  

5) The local closure of the coolant gap caused high temperatures and discolouring of the 

containments. 

6) It caused also an inhomogeneity in the coolant temperatures, which was observed from 

the three different values of the outlet coolant temperatures. This lead to a change in the 

readings of the thermocouples inside the sample holders. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Coolant water gap Local boiling

22 mm 

Sampleholder
Sample holder 

17 mm 

Figure 4.3-6  Schematic cross section of the sample holder inside the coolant channel in case 

the problem occurs 
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The stains observed during PIE are schematically shown in Figure 4.3-7. The size and the 

position of the stains are in good agreement with the bending as suggested schematically in 

Figure 4.3-8. The lower stain was larger than the upper stain, which was influenced by a 

combination of two phenomena: 

The local boiling at the lower segment would occur earlier due to a shadow effect 

behind the position at which there was hard contact between the outer containment and 

the irradiation rig. 

Due to the axial flux buckling the power in the lower segment decreased less rapidly as 

a function of the axial distance from the connector than in the lower segment. 

The result shown in Figure 4.3-7 suggests that the influence of the first mentioned 

phenomenon is larger than that of the second mentioned phenomenon. 
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Figure 4.3-7  Schematic representation of the position of the stains on the sample holder 
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Position of Mo-connector, which is  
the most likely position to touch the  
coolant channel. Due to the fact that  
at the axial position of the Mo - 
connector the fuel connector is  
present almost no power is  
generated at this position and the  
containment temperature is low,  
preventing local staining    
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4.3.5  Conclusion and countermeasures 

Based on the assumption above mentioned, thermo-hydraulics and thermo-mechanics 

computation were performed to validate the possibility of such bending or local boiling. Also the 

difference between the FUJI design and past irradiation test designs with the KAKADU rig was 

discussed, as no similar phenomenon occurred in past irradiation tests.  

As a result it was concluded that a combination of the following actions
[2]

 should be 

realized to prevent the problem from occurring in the 2
nd

 restructuring test and PTM test: 

1) Wires will be placed around the outer containment. 

2) Additional spacers will be placed on the inner containment. 

3) The molybdenum shrouds will be micro brazed together. 

4) A scenario for increasing the coolant flow will be prepared. 

Figure 4.3-8  Schematic representation of the bending and the relation with the local 

boiling and staining. 
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5) The initial bending of the containments and the welded Mo-shroud will be checked. 

6) During and after assembling great care will be taken on minimizing the bending 

/non-straightness of the sample holder and its containments.  

 

Regarding the wire wrapping, two functions were expected. One was to increase the 

circumferential flow in the cooling water channel to homogenize the circumferential 

temperature distribution. The other was that the wire should perform as a spacer to prevent full 

contact in case of bending.  

CFD computations
[3]

 on the coolant water gap were performed to assess the cooling 

conditions of the outer containment under various conditions of external wire (pitch, diameter, 

number of wires), coolant flow rate, axial power profile, etc. As a result, by the presence of 1 mm 

wire, the cooling of the sample holder will be preserved and no boiling will occur in the case of a 

maximum eccentric position of the sample holder. Between the evaluated two cases, a single (5 

mm pitch) and a double wire (10 mm pitch), the later was better to keep away the hottest position

of the sample holder from the smallest gap position in the circumferential direction.  

The combination of these steps most likely prevented the occurrence of the problem during 

the last two tests. Therefore a revision of the Design and Safety Report was done and submitted 

to the Reactor Safety Committee and the improvements of the sample holders were performed. 

 

4.3.6  Result of the improvements 

The re-occurrence of the problem was successfully prevented in the last irradiation, RT2 

and PTM by the improvements of the sample holder as well as by the increased flow rate of the 

cooling water during the irradiation. It showed that the estimated cause of the phenomenon and 

the countermeasures were adequate. 
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4.4  The 2nd restructuring test (RT2) 

4.4.1  Summary of the test 

RT2 was performed to obtain the restructuring data during 96 h base irradiation at a position 

with the linear power of 530 W/cm and cladding temperature of 400 ºC. Two SPF segments 

(R22U: smear density of 79.5 %TD, R21L: 70.6 %TD), one VPF and one PF were irradiated. All 

segments contained MOX without Np. 

Based on the data in RT1 and the neutron buckling at PSF5, irradiation was performed under 

the power of 21 kW in the south channel of the rig in which SPF-R22 was installed. The power 

was 13 kW in the north channel in which SPF-R21 was installed. As soon as the target power was 

reached after 36 h start up, irradiation was once stopped to take neutron radiographs from the pins. 

It was necessary to confirm the linear heat rate in the IST which was indirectly estimated because 

the accurate channel power was not available due to the problems described above. After the 

neutron radiography, base irradiation was re-started for 96 h.  

4.4.2  Analysis of on-line data 

The axial power distribution was analyzed by computation with CEPTAR. The power 

profile during irradiation and the neutron buckling curve at PSF5 were available from DACOS 

data and the axial distribution of Zr-95 by gamma scanning, respectively. Fuel cladding 

temperatures were estimated from the molybdenum shroud temperatures from the DACOS data. 

Based on those data, axial positions were analyzed, where a linear heat rate of 530 W/cm and a 

cladding temperature of 400 ºC were simultaneously met.  

 

4.4.2.1  Neutron buckling curve 

The neutron buckling curve was estimated by using the measured gamma scanning data 

for Zr-95. Figure 4.4-1 shows the actual scanning data of Zr-95 corrected for decay during 

gamma scanning. The fuel stack estimated from gamma scanning data of Zr-95 was somewhat 

decreased due to shrinkage especially in the sphere-pac and the vipac fuel segments. This could 

be precisely determined from the neutron radiographs as follows,  

 

Segment No. As fabricated As irradiated 

R21U (PF) 50.14 mm 49.6 mm 

R21L (SPF) 245.8 mm 241.8 mm 

R22U (SPF) 249.1 mm 248.5 mm 

R22d (VPF) 248.8 mm 241.4 mm 
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The post-irradiated fuel region was used for the estimation of neutron buckling. The 

expected axial power profile, which was normalized with the peak count of Zr-95 in R22U at the 

power peaking, is shown in Figure 4.4-2. As shown in Figure 4.4-1 and Figure 4.4-2, several 

dips could be observed in SPF-R22, which was irradiated in the south channel (FUJI342-06). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4-1  Actual data of gamma scanning for Zr-95 

Figure 4.5-2 Normalized neutron buckling based on Zr-95 profile Figure 4.4-2  Normalized neutron buckling based on Zr-95 profile 
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It was confirmed by the neutron radiograph that a radial crack existed at each dip. The 

profile of I-131 and La-140 had peaks at the same position where these dips were observed in 

the Zr-95 profile, as shown in Figure 4.4-3. This suggests that the cracking took place already 

during irradiation and I-131 and La-140 would migrate towards the lower temperature region. In 

the lower segment in FUJI342-06, a big dip in Zr-95 can be seen at the middle of fuel stack and 

a peak of I-131, but the La-140 profile is rather flat. This suggests that the cracking at this 

location took place at the latter part of irradiation so that only I-131 could migrate (La-140 could 

not sufficiently migrate yet).  

The linear power of each fuel segment should be estimated by using the actual profile with 

dips due to cracks, but thermal computations with CEPTAR were performed by using the profile 

without dips because the effect of cracking on linear power is not taken into account in the code. 

Therefore, the profile interpolated to cover each dip was estimated as shown in Figure 4.4-2. 

Dark blue and yellow profiles are for estimation of linear power based on the instrumental data, 

and light blue and pink profiles are for thermal computations with CEPTAR. As a result, two 

profiles of neutron buckling of RT2 irradiation, as shown in Figure 4.4-4, could be estimated.  

Based on the result of gamma scanning, the power ratio between FUJI342-05 and 

FUJI342-06 was estimated to 1.767 (FUJI342-06 / FUJI342-05).  
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Figure 4.4-3  Comparison between gamma scanning of Zr-95, I-131, and La-140 

Figure 4.4-4  Estimated neutron buckling of RT2 



ＪＮＣ ＴＹ８４００ ２００５‐００６

 ｜ 155 ｜

 

4.4.2.2  Power history 

The power history was simplified by taking into account the change of trolley position 

during irradiation and the Mo temperature. Figure 4.4-5 shows the comparison between the 

actual instrumental data of each channel power and the simplified history. Actual data from 

DACOS was simplified into 64 time-step data. Linear power was also estimated by using each 

channel power and the neutron buckling curve estimated in 4.4.2.1. In RT2, the irradiation was 

stopped after the power reached the maximum at the elapsed time of ~36 hours to confirm the 

validity of countermeasures for the problem discussed above. The maximum linear power at the 

elapsed time of 36.51 hours before stop was estimated as follows. 

 

 

 

 

 

 

 

 

 

 

 

 

Segment No. Peak LHR 

R21U (PF) 641 W/cm 

R21L (SPF) 601 W/cm 

R22U (SPF) 646 W/cm 

R22d (VPF) 587 W/cm 

Figure 4.4-5  Power history during RT2 from DACOS data 
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The history of the maximum linear power for each fuel segment is shown in Figure 4.4-6. 

The axial profile of maximum linear power for each fuel segment, which was estimated in 

accordance with the neutron buckling curve, is also shown in Figure 4.4-7 with the plot for the 

CEPTAR computation (without crack). As shown in these figures, the linear powers in the upper 

and the lower fuel segment are very similar. Averaging the linear power over 1 cm regions for 

the upper fuel segment has an influence on power peaking at the boundary between the fuel and 

insulator region.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4-6  Maximum linear power history in RT2 

Figure 4.4-7  Axial maximum power profile in RT2 for CEPTAR computations 
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4.4.2.3  Cladding temperature 

Based on the measured Mo temperature and the estimated linear power during irradiation, 

the cladding temperature was estimated. The thermocouples for the Mo temperature were 

located at four axial levels in the 250 mm fuel stack and at three axial levels in the 50 mm fuel 

stack. Namely, in case of the upper fuel segment, the cladding temperature of R21U (PF 

segment with 50 mm fuel stack) could be estimated from TC3 and TC4 at +70 mm, TC5 and 

TC6 at +50 mm, as well as TC7 and TC8 at +30 mm (distance from the pin center), and that of 

R22U (SPF segment with 250 mm fuel stack) could be estimated from TC3 at +244 mm, TC4 

and TC5 at +181 mm, TC6 and TC7 at +118 mm, and TC8 and TC9 at +55 mm (distance from 

the pin center).  

In case of the lower fuel segment, the cladding temperature of R21L (SPF) could be 

obtained from TC10 and TC11 at -55 mm, TC12 and TC13 at -118 mm, TC14 and TC15 at -181 

mm, and TC16 at -244 mm (distance from the pin center). In case of R22d (VPF), TC9 and 

TC10 at -55 mm, TC11 and TC12 at -118 mm, TC13 and TC14 at -181 mm, and TC15 and 

TC16 at -244 mm (distance from the pin center) could be used to determine the cladding 

temperature. The following functions were used to estimate the cladding temperature. They were 

also used as estimations for IST and RT1.  

 

 

 

 

 

 

 

 

where,  Tc: cladding temperature in °C 

 Tm: Mo shroud temperature in °C 

 P:  local linear power in W/cm.  

 

The cladding temperatures of SPF-R21 irradiated in the FUJI342-05 sample holder and of 

SPF-R22 in FUJI342-06 are shown in Figure 4.4-8 and Figure 4.4-9, respectively. In this 

estimation, Mo temperature from TC14 of FUJI 342-05, which is located at -181 mm from the 

pin center, was rejected since the temperature was expected to be wrong. The Mo temperatures 

from TC11 at -55 mm and TC12 at -55 mm were modified and used for the estimation of the 

cladding temperature because they included a problem which was expected to take place during 

importing from TEXT file into EXCEL file.  

North channel (FUJI342-05) South channel (FUJI342-06) 

+70 mm Tc = Tm + (37.53 / 530.2) • P +244 mm Tc = Tm + (29.64 / 339.0) • P 

+50 mm Tc = Tm + (45.35 / 545.6) • P +181 mm Tc = Tm + (37.20 / 429.0) • P 

+30 mm Tc = Tm + (41.33 / 550.0) • P +118 mm Tc = Tm + (43.85 / 489.0) • P 

-55 mm Tc = Tm + (48.73 / 543.4) • P +55 mm Tc = Tm + (48.73 / 543.4) • P 

-118 mm Tc = Tm + (43.85 / 489.0) • P -55 mm Tc = Tm + (48.73 / 543.4) • P 

-181 mm Tc = Tm + (37.20 / 429.0) • P -118 mm Tc = Tm + (43.85 / 489.0) • P 

-244 mm Tc = Tm + (29.64 / 339.0) • P -181 mm Tc = Tm + (37.20 / 429.0) • P 

 -244 mm Tc = Tm + (29.64 / 339.0) • P 
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Figure 4.4-8  Estimated cladding temperature of SPF-R21 

Figure 4.4-9  Estimated cladding temperature of SPF-R22 
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4.4.2.4  Irradiation history  

The history of linear power and cladding temperature was estimated from the actual 

DACOS data obtained during RT2 and from gamma scanning after irradiation. The irradiation 

data from DACOS was simplified into 64 time-step data for thermal computation. The neutron 

buckling curve estimated from the results of gamma scanning included the effect of cracking. 

The maximum linear power for R21U (PF), R21L (SPF), R22U (SPF), and R22d (VPF) was 

estimated as 641 W/cm, 601 W/cm, 646 W/cm, and 587 W/cm, respectively. The linear power 

estimated for the upper fuel segment includes the effect of power peaking. 

 

4.4.3  Analysis of irradiation behavior  

4.4.3.1  Computation conditions 

Figure 4.4-10 and Figure 4.4-11 show the as-fabricated fuel density of SPF-R21 and 

SPF-R22, respectively. In the thermal computation with CEPTAR, the density of the pellet fuel 

was directly applied. For sphere-pac and vipac fuel segments, the smear density was averaged 

over 1 mm in the fuel region. As a result, averaged smear densities of 0.7057 for R21L, 0.7607 

for R22d, and 0.7949 for R22U were used for the thermal computations with CEPTAR.  

 

 

 

 

 

 

 

 

 

 

Figure 4.4-10  Fuel density of SPF-R21 
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As for the cladding dimensions, as-fabricated data for the averaged inner and outer 

diameter was used. Namely, the cladding outer diameter of R21U, R21L, R22U and R22d was 

assumed to be 7.491 mm, 7.493 mm, 7.491 mm, and 7.491 mm, respectively. The cladding inner 

diameter was assumed to be 6.695 mm, 6.691 mm, 6.695 mm, and 6.684 mm, respectively.  

The linear power history for the RT2 irradiation is shown in Figure 4.4-5. For this 

computation, the power history was simplified into 64 time-step data from the actual DACOS 

data. Also the axial power profile was prepared for thermal computations with CEPTAR. The 

axial power profile was divided into 9 axial nodes. This is the maximum number of nodes in the 

code. In order to assume the linear power for each computation node, the axial profile of the 

linear power was used. This was estimated with the actual DACOS data and gamma scanning 

data but interpolated to remove effects of several cracks. 

The axial power profile and the cladding temperature at the elapsed time of 36.5 hours, 

which were used for the thermal computations, are shown in Figure 4.4-12 and Figure 4.4-13. 

Figure 4.4-14 is for SPF-R21 which consisted of R21U upper MOX-PF and R21L lower 

MOX-SPF. Figure 4.4-13 is for SPF-R22 with R22U upper MOX-SPF and R22d MOX-VPF. As 

shown in these figures, the maximum linear power for R21U, R21L, R22U, and R22d in thermal 

computations was assumed to be 679 W/cm, 591 W/cm, 605 W/cm, and 570 W/cm, respectively. 

The linear power in R21U reached the maximum at the edge of the fuel region on the 

plenum-spring-side. The maximum linear power on the connection-endplug-side was estimated 

to be 658 W/cm. In addition, the maximum power in the upper fuel segments includes the effect 

of power peaking at the boundary between MOX fuel and insulation zone.  

The axial profile of cladding outer temperature at the time the maximum power was 

reached, is also plotted with the axial linear power profile. The cladding outer temperature was 

Figure 4.4-11  Fuel density of SPF-R22 
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well controlled at around 400°C except for the lower region in the lower fuel segments and the 

upper pellet fuel segment. The irradiation test was performed in the HFR, i.e. a thermal reactor. 

Therefore, the radial power depression had to be taken into account in the thermal computations. 

In CEPTAR, this was done. The assumed radial power depression is shown in Figure 4.4-14 and 

Table 4.4-3. The radial power depression in R21U, R21L, R22U, and R22d was assumed to be 

0.395, 0.470, 0.422, and 0.460, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4-12  Axial profile of LHR and cladding outer temperature (SPF-R21) 
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Figure 4.4-13  Axial profile of LHR and cladding outer temperature (SPF-R22) 
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4.4.3.2  Computation results 

The central void diameter was computed with CEPTAR which was calibrated with the 

results of IST and RT1. Figure 4.4-15 shows both computed results and estimated results from 

the neutron radiograph for the RT2 segments. It shows good agreement except for the axial edge 

of the central void region in the SPF and VPF. This indicates CEPTAR can not always precisely 

Table 4.4-3  Radial power depression in RT2 

Radius (mm) Radial Power Distribution normalized to the largest ring 

Inside ring Outside ring Average R21U (R11U) R21L R22U (R12U) R22d 

0.00  1.06  0.53 3.947E-01 4.698E-01 4.220E-01 4.596E-01

1.06  1.50  1.28 4.303E-01 5.042E-01 4.587E-01 4.947E-01

1.50  1.83  1.67 4.688E-01 5.403E-01 4.954E-01 5.307E-01

1.83  2.12  1.98 5.134E-01 5.805E-01 5.382E-01 5.696E-01

2.12  2.37  2.24 5.638E-01 6.240E-01 5.872E-01 6.143E-01

2.37  2.59  2.48 6.202E-01 6.753E-01 6.391E-01 6.661E-01

2.59  2.80  2.70 6.825E-01 7.324E-01 7.034E-01 7.243E-01

2.80  3.00  2.90 7.626E-01 7.999E-01 7.798E-01 7.967E-01

3.00  3.18  3.09 8.635E-01 8.849E-01 8.716E-01 8.832E-01

3.18  3.35  3.26 1.000E+00 1.000E+00 1.000E+00 1.000E+00

3.000E-01

4.000E-01

5.000E-01
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Figure 4.4-14  Radial power depression in RT2 
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compute the sintering performance in SPF and VPF because it was developed for pellet fuel 

analysis.  

 

Figure 4.4-16 shows the history of linear power and cladding temperature for thermal 

computations. NODE 1 is the closest node to the connection endplug (pin center) of each fuel 

segment. NODE 9 is the closest node to the closure endplug (the upper endplug and lower 

endplug for upper and lower fuel segment, respectively). Cladding outer temperature of R21U 

(PF) was mainly 400-430 ˚C except for the region close to the connection endplug. For R21L 

(SPF with parallel filling), it was less than 400˚C in the lower region but 400-430 ˚C in the 

upper region of the fuel stack. For R22U (SPF with infilteration filling), it was 430-450 ˚C. For 

R22d (VPF), it was less than 400 ˚C in the lower region but 430-450 ˚C in the upper region of 

the fuel stack.  

It can be concluded that the cladding outer temperature during the RT2 irradiation was 

controlled in the range of 400-430 ˚C in the north channel and 430-450 ˚C in the south channel.   

The results of thermal computation are shown in Figure 4.4-17 with the plots for fuel 

center temperature and central void diameter. For R21U (PF), the maximum temperature would 

be ~2,300 ˚C at the top of the fuel stack (NODE 9), but the linear power both at the bottom and 

top included power peaking at the boundary between MOX and UO2 fuel region. In the fuel 

center, it would be ~2,000 ˚C, and the central void diameter would reach 10-15% relative to the 

cladding inner diameter. For R21L and R22U (SPF), the maximum fuel temperature was 

computed as ~2,640 ˚C in R21L (with parallel filling) and ~2,680 ˚C in R22U (with infiltration 

Figure 4.4-15  Comparison between observed and computed axial profile of central void 

in SPF-R21 and SPF-R22
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filling). The central void diameter relative to the cladding inner diameter would reach ~37% in 

R21L and ~31% in R22U. For R22d (VPF), the maximum fuel center temperature was close to 

the melting temperature of 2,700 ˚C, and the central void diameter would reach ~20%.  

 

4.4.3.3  Conclusion 

The thermal computations for the fuel center temperature and the central void diameter 

were performed with the CEPTAR code. In these computations, the actual as-fabricated data, the 

linear power and the cladding outer temperature estimated from DACOS data were used. Radial 

power depression was computed and applied for the lower segments (R21L and R22d) but it was 

assumed to be also valid for the segments in the RT1 for the upper segment (R21U and R22U).  

The computation results of the fuel center temperature and the central void diameter are as 

follows,  

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

The computation results of the central void diameter with CEPTAR were in good 

agreement with the neutron radiograph in the region of targeted power.   

Segment No. Max. fuel center temperature 

R21U (PF) ~2,300˚C  

(~2,000˚C in almost pellets) 

R21L (SPF with parallel filling) ~2,640˚C 

R22U (SPF with infilteration filling) ~2,680˚C 

R22d (VPF) ~2,700˚C 

Segment No. Central void diameter* 

R21U (PF) 10-15%, 

R21L (SPF with parallel filling) ~37% 

R22U (SPF with infilteration filling) ~31% 

R22d (VPF) ~20% 

* relative to the cladding inner diameter 
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Figure 4.4-17  Results of computation for fuel center temperature and central void diameter 
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4.4.4  Selection of cutting positions for destructive PIE 

4.4.4.1  R21U MOX pellet fuel segment 

Sampling positions for destructive PIE, i.e. ceramography, EPMA and burnup analysis was 

selected using the thermal computations with CEPTAR.   

In the previous ceramography for IST and RT1, cutting positions sometimes had to be 

changed due to the surface condition. In addition, the gamma scanning data used for the power 

estimation had some uncertainties. Therefore, the linear power and the cladding outer 

temperature averaged for 5 mm steps were used to decide on the sample position. 

Figure 4.4-18 shows the averaged linear power and cladding outer temperature for R21U 

MOX-PF irradiated in RT2, and the comparison of radial temperature profile between fast 

reactor (“JOYO”) and HFR conditions. The actual as-fabricated data of fuel density, O/M ratio, 

Pu content, and the dimension of fuel and cladding were used in the thermal computations with 

CEPTAR. In addition, the radial power depression of 0.395 for R11U was also assumed for 

R21U. In the ceramography, it was important to obtain the sample from the position where a 

linear power of 530 W/cm and a cladding outer temperature of 400 ˚C were found under 

irradiation. This can imitate the radial temperature profile specific for a fast reactor (linear 

power of 410 W/cm and a cladding outer temperature of 510 ˚C, in “JOYO” case). Because the 

power during RT2 was pretty high, the linear power and the cladding outer temperature of the 

ceramography sample from R21U was 581.0 W/cm and 401.8˚ C, respectively. The position was 

47.5 mm (45-50 mm) from the pin center. EPMA was performed for the same sample. As shown 

in Figure 4.4-18, the fuel center temperature of this sample was higher than for fast reactor 

conditions, but the difference was in the range of 5%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4-18  Sampling position for ceramography, and the comparison of radial temperature profile 

between fast reactor and HFR conditions (R21U/PF) 
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4.4.4.2  R22U MOX sphere-pac fuel segment 

Figure 4.4-19 shows the linear power and the cladding outer temperature averaged in    

5 mm steps for R22U MOX-SPF irradiated in RT2, and the comparison of radial temperature 

profile between “JOYO” and HFR conditions. The actual as-fabricated data for the R22U fuel 

segment were used for the thermal computations. In addition, the radial power depression of 

0.422 for R12U was assumed for this segment. In order to obtain the restructuring data under 

imitate fast reactor conditions, the ceramography sample was cut out from a position with a 

linear power of 521.2 W/cm and a cladding outer temperature of 451.8 ˚C, respectively. As 

shown in Figure 4.4-19, the radial temperature profile between the fast reactor and HFR 

conditions were in good agreement in the range of 5%. The position was 142.5 mm (140-145 

mm) from the pin center. EPMA was performed for the same sample.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.4.3  R21L MOX sphere-pac fuel segment 

Figure 4.4-20 shows the linear power and the cladding outer temperature averaged in    

5 mm steps for R21L MOX-SPF, and the comparison of radial temperature profiles between 

“JOYO” and HFR conditions. The actual as-fabricated data for the R21L fuel segment were 

used in thermal computations as well as for the upper fuel segments. The radial power 

depression of 0.470 computed for this segment was used. In order to imitate the fast reactor 

conditions, the ceramography sample was obtained from a position with a linear power of 514.2 

W/cm and a cladding outer temperature of 409.7 ˚C. As shown in Figure 4.4-20, the radial 

temperature profiles of a fast reactor and HFR conditions agreed in the range of 5%. The 

position was 100.5 mm (98-103 mm) from the pin center. EPMA was performed for the same 

sample. The sample for burnup analysis at PSI was obtained from an adjacent position to the 

ceramography sample. 
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Figure 4.4-19  Sampling position for ceramography, and the comparison of radial temperature profile 

between fast reactor and HFR conditions (R22U/SPF) 
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4.4.4.4  R22d MOX vipac fuel segment 

Figure 4.4-21 shows the linear power and the cladding outer temperature averaged in    

5 mm steps for R22d MOX-VPF, and the comparison of radial temperature profile between 

“JOYO” and HFR conditions. The radial power depression of 0.460 computed for this segment 

was used. In order to imitate fast reactor conditions, the ceramography sample was obtained 

from a position of linear power and the cladding outer temperature being 503.6 W/cm and  

432.0 ˚C, respectively. As shown in Figure 4.4-21, the radial temperature profiles of a fast 

reactor and HFR conditions agreed in the range of 5%. The position was 115.5 mm (113-118 

mm) from the pin center. EPMA was performed for the same sample.  
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Figure 4.4-20  Sampling position for ceramography, and the comparison of radial temperature profile 

between fast reactor and HFR conditions (R21L/SPF) 
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Figure 4.4-21  Sampling position for ceramography, and the comparison of radial temperature profile 

between fast reactor and HFR conditions (R22d/VPF) 
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4.4.4.5  Sample for burnup analysis from R21L 

A burnup sample from R21L was obtained in the position 77.5-96.5 mm from the pin 

center with 19 mm length. The neutron radiograph showed that there was no remarkable crack in 

the region except for a small axial crack. (see Figure 4.4-22) 

 

 

 

 

 

 

 

 

4.4.4.6  Conclusions 

In the destructive examinations for RT2, samples for ceramography, EPMA and burnup 

analysis were taken from the following positions. The pin center line is the end of lower 

connection endplug for the upper segment and the end of spacer with upper connection endplug 

for the lower segment.  

 

 

 

 

 

 

 

 

 

 

Segment No. for ceramography and EPMA 

R21U (PF) 47.5 mm (45-50 mm) from PCL 

R22U (SPF) 142.5 mm (140-145 mm) from PCL 

R21L (SPF) 100.5 mm (98-103 mm) from PCL 

(ceramography only) 

R22d (VPF) 115.5 mm (113-118 mm) from PCL 

Segment No. for burnup analysis 

R21L (SPF) 77.5-96.5 mm from PCL 

(19 mm length) 

Pin center

77.5

4

96.5

19

100.5

Burnup

Ceramography

Figure 4.4-22  Sampling position for burnup analysis (R21L/SPF) 
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4.5 Power-To-Melt tests (PTM) 

4.5.1  Summary of the test 

PTM test was performed to evaluate the PTM linear heat of SPF after the completion of 

pre-conditioning for 48 h base irradiation. Two SPF segments (P12U: MOX, P12L: 5%Np-MOX) 

and two PF (P11H and P11L: MOX) were irradiated. Base-irradiation was performed up to   

21.5 kW in the power of south channel. Neutron radiography was done after 48 h base irradiation 

to confirm the integrity of the fuel as well as to know the central void generation before power 

ramping. Axial positions were analyzed, where a linear heat rate of 530 W/cm and a cladding 

temperature of 400 ºC was simultaneously achieved. Because the cladding temperature had a 

tendency to be too high, it was changed to 430 ºC. Axial power distributions of the test pins were 

evaluated from DACOS data and gamma-scanning data of Zr-95. The axial distribution of the 

cladding temperature was evaluated from the temperature of the thermocouple on the 

molybdenum shroud. The axial positions closed to +120mm and -50mm distance from pin center 

line fulfilled both conditions for the upper segments (P11H, P22U) and lower segments (P11L, 

P22L), respectively. Those positions were defined as the “target positions”.  

The melting power of SPF was estimated to 670 W/cm for P12U and 650 W/cm for P12L, 

respectively by computation with the DIRAD-S code which was calibrated using the data of IST, 

RT1, and RT2. The melting power was 780 W/cm for PF (P11H, P11L) calculated with the 

CEPTAR code. Power ramp tests were planned to melt SPF in the 1
st
 ramp and PF in the 2

nd
 ramp 

at the target positions.  

After final conditioning to adjust the cladding temperature to 510 ºC under the linear heat 

rate of 500 W/cm, the 1
st
 power ramp was performed by a rate of 0.5%/min (68 min up to 670

W/cm). As soon as the target power was reached, the power was reduced to zero in 7 min. At the 

target power, the south channel power was 27.5 kW at the trolley position of 32 mm from

core wall. Peak linear heat rate of SPF was over 788 W/cm for P12U. Cladding surface 

temperature reached 620 ˚C. Melting of both SPF segments was observed by neutron radiography 

and the irradiation of SPF was terminated. 

In the 2
nd

 power ramp, a dummy sample holder was installed in the south channel instead of 

FUJI342-08 with a comparative absorption cross section. After increasing the north power 

together with the south channel up to 27.6 kW to be identical to the power at the end of the 1
st
 

ramp, the 2
nd

 power ramp was performed by the rate of 0.5%/min (44 min up to 780 W/cm). As 

soon as the target power was reached, the power was reduced to zero in 6 min. At the target power, 

the north channel power including the south was 32.2 kW at the trolley position of 20 mm from 

the core wall. The peak linear heat rate was over 895 W/cm for P11H. The cladding surface 

temperature reached 640 ˚C. Melting of both PF segments was observed by neutron radiography 

and the all irradiation tests including PTM test were completed. 
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4.5.2  Analysis of on-line data 

4.5.2.1  Neutron buckling curve 

In order to estimate the irradiation behavior for the design, the neutron buckling curve in 

PSF5 was obtained from cobalt-wire measurements. The comparison of neutron buckling curve 

among the initial sintering test (IST), the restructuring test (RT1), the restructuring test (RT2), 

and the cobalt-wire measurement is shown in Figure 4.5-1. The neutron buckling curve from 

cobalt-wire measurements was axially symmetrical, but the actual curves in IST, RT1 and RT2 

were slightly shifted towards the upper fuel segment. This can be evaluated due to the influence 

of control rod. Therefore, the neutron buckling curve from the latest RT2 which was estimated 

by using gamma scanning data of Zr-95, was assumed in the preliminary estimation for the PTM 

test. (see Figure 4.5-2) 

The neutron buckling in the south channel (FUJI342-08) was assumed to be comparable to  

the south channel in RT2 (FUJI342-06). The north channel (FUJI342-07) was calculated from 

the FUJI342-08 x 1.976/1.965 in accordance with the results of MCNP neutronic computation. 

The neutron buckling was normalized to the peak value at 30 mm from the pin center in the 

FUJI342-07 channel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

-350 -300 -250 -200 -150 -100 -50 0 50 100 150 200 250 300 350

Distance from pin center (mm)

S
tr

e
n

g
th

 (
A

.U
.)

R21 for power R22 for power

R21 for CEPTAR R22 for CEPTAR

342-05(Prediction based on Co-wire) 342-06(Prediction based on Co-wire)

IST North IST South

RT1 North RT1 South

5th-7th and 12th-16th day of cycle

7th-8th and 15th-16th day of cycle

15th-20th day of cycle

Figure 4.5-1  Comparison of the neutron buckling curves 
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4.5.2.2  Base irradiation 

The base irradiation was performed under conditions similar to RT1. The linear power to 

imitate the radial temperature profile under fast reactor conditions was originally designed to be 

530 W/cm with a cladding outer temperature of 400 ˚C but the temperature had to be increased 

to 430 ˚C from the results of the previous irradiations. The influence on the imitation of radial 

temperature profile was moderate. Indeed, the linear power decrease was only 5 W/cm to obtain 

the radial temperature profile under fast reactor conditions. The irradiation history during the 

base irradiation, estimated from the actual DACOS data, is presented below.  

 

(1) Power history 

The power history was simplified by taking into account the change of trolley position 

during irradiation and representation of Mo temperature change as well as the estimation in the 

RT2 power history. Figure 4.5-3 shows the comparison between the actual instrumental data of 

each channel power and the simplified history. This figure shows that the actual instrumental 

data from DACOS was simplified into 61-time-step data.  

In the base irradiation, after the power had reached the final power, the south channel 

power was changed to 21.5 kW, so the irradiation could be performed under almost the same 

irradiation conditions as the RT2 irradiation. The following power at the elapsed time of 37.7 

hours was reached. 

Figure 4.5-2  Neutron buckling for PTM test 
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The history of the maximum linear power for each fuel segment irradiated in the base 

irradiation of the PTM test is shown in Figure 4.5-4. The base irradiation was stably performed, 

but the power was higher than targeted. The axial profile of the maximum linear power for each 

fuel segment, which could be estimated in accordance with the RT2 neutron buckling curve, is 

shown in Figure 4.5-5 with the plots of the axial profile of the cladding outer temperature. The 

peak linear power includes the influence of the power peaking at the boundary between the UO2 

insulator and the MOX fuel region as can be seen in this figure.  

 

Segment No. Peak LHR 

P11H (MOX-PF) 640 W/cm 

P11L (MOX-PF) 581 W/cm 

P12U (MOX-SPF) 630 W/cm 

P12L (Np-MOX SPF) 573 W/cm 

Figure 4.5-3  Power history during the base irradiation 
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(2) Cladding temperature 

Based on the measured Mo temperature and the estimated linear power during irradiation, 

the cladding temperature was estimated. The thermocouples to obtain the Mo temperatures were 

located at four axial levels in the 250 mm fuel stack. In case of the upper fuel segment with the 

250 mm fuel stack, the cladding outer temperature could be estimated from TC3 at +244 mm, 
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Figure 4.5-5  Axial profile of LHR and the cladding outer temperature during the base irradiation

at Max.LHR at elapsed time of 37.7 h 

Figure 4.5-4  History of Max.LHR during the base irradiation 
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TC4 and TC5 at +181 mm, TC6 and TC7 at +118 mm, and TC8 and TC9 at +55 mm distance 

from the pin center. In case of the lower fuel segment with 250 mm fuel stack, the cladding outer 

temperature could be obtained from TC10 and TC11 at -55 mm, TC12 and TC13 at -118 mm, 

TC14 and TC15 at -181 mm, and TC16 at -244 mm. The following functions shown in 

Table.4.5-1 were used to estimate the cladding outer temperature. They served also as 

estimations for IST, RT1 and RT2. 

 

where, Tc is cladding outer temperature in °C, Tm is Mo shroud temperature in °C, 
and P is local linear power in W/cm.  

 

The histories of Mo temperature from each thermocouple during the base irradiation are 

shown in Figure 4.5-6 and Figure 4.5-7. In this estimation, Mo temperature from TC5 of FUJI 

342-07, which is located at +181 mm from the pin center, was excluded from the cladding 

temperature estimation since it seemed to deliver unreliable values. The temperature was 

estimated by using only Mo temperature from TC4. The temperature from TC16 at -244 mm of 

FUJI342-07 also seemed to be incorrect but it hardly influenced the evaluation of the test 

because the position was too far from the melting region. Finally, the cladding outer temperature 

at each axial position, i.e. 181 mm, 118 mm, and 55 mm, could be estimated by averaging the 

Mo temperatures from two thermocouples at each axial position, and that at 244 mm distance 

from the pin center was estimated from the measured Mo temperatures from TC3 and TC16 for 

the upper and lower fuel segment, respectively, except for TC5 and TC16 of FUJI342-07. The 

history of the cladding outer temperature of SPF-P11 irradiated in the FUJI342-07 sample 

holder and SPF-P12 in the FUJI342-08 is shown in Figure 4.5-8 and Figure 4.5-9, respectively. 

The cladding outer temperature in the range of the fuel stack was kept around 400-450 °C 

during the base irradiation. It was slightly higher than the design temperature of 430 °C. 

In addition, the axial profile of cladding outer temperature, as shown in Figure 4.5-5, 

indicates that the cladding temperature during the base irradiation was well controlled to be 

axially constant in the range of 400-450 °C, but it was slightly higher than the design value. 

 

Table 4.5-1  Cladding temperature estimation from Mo temperature at each axial position 

South & north channel (FUJI342-07 & 08) +244 mm Tc = Tm + (29.64 / 339.0) • P 

South & north channel (FUJI342-07 & 08) +181 mm Tc = Tm + (37.20 / 429.0) • P 
South & north channel (FUJI342-07 & 08) +118 mm Tc = Tm + (43.85 / 489.0) • P 

South & north channel (FUJI342-07 & 08) +55 mm Tc = Tm + (48.73 / 543.4) • P 

South & north channel (FUJI342-07 & 08) -55 mm Tc = Tm + (48.73 / 543.4) • P 

South & north channel (FUJI342-07 & 08) -118 mm Tc = Tm + (43.85 / 489.0) • P 

South & north channel (FUJI342-07 & 08) -181 mm Tc = Tm + (37.20 / 429.0) • P 
South & north channel (FUJI342-07 & 08) -244 mm Tc = Tm + (29.64 / 339.0) • P 
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Figure 4.5-6  History of Mo temperature in FUJI342-07 during the base irradiation 

at maximum LHR at elapsed time of 37.7 h 

Figure 4.5-7  History of Mo temperature in FUJI342-08 during the base irradiation 

at maximum LHR at elapsed time of 37.7 h 
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Figure 4.5-8  History of cladding outer temperature of SPF-P11 during the base irradiation 
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Figure 4.5-9  History of cladding outer temperature of SPF-P12 during the base irradiation 
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4.5.2.3  First power ramp 

After the confirmation of fuel restructuring in SPF-P11 and SPF-P12 on the neutron 

radiograph after the base irradiation, the 1
st
 power ramp was performed. This power ramp 

included the final conditioning to recover the fuel center temperature at the end of the base 

irradiation and imitates the cladding temperature under fast reactor conditions.  

 

(1) Power history 

Figure 4.5-10 shows the design power control for the 1
st
 and 2

nd
 power ramp. The detail of 

the 2
nd

 power ramp is described afterwards, but the 1
st
 power ramp included the final 

conditioning mentioned above. In this step, the cladding outer temperature should be increased 

up to 510 ˚C from 430 ˚C in the base irradiation to imitate fast reactor conditions, and the linear 

power should be held at 500 W/cm to recover the fuel center temperature at the end of the base 

irradiation. In addition, the duration should be 60 minutes for relaxation of cladding before the 

following power ramps. After that, the linear power should be increased at the rate of 0.5 %/min 

up to the melting power of sphere-pac fuel, estimated to 650-670 W/cm. In the PTM test, target 

positions were preliminary selected for “just-melt” conditions.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5-11 shows the comparison between the actual instrumental data of each channel 

power and the simplified history. The actual instrumental data from DACOS was simplified into 

60 time-step data. In the final conditioning followed by the power ramp, the power of the south 

channel with the SPF-P12 loaded, was controlled to be 20.5 kW to obtain the linear power at the 

“target” of 500 W/cm. As seen in this figure, the power control during the final conditioning was 

well done, but it took longer than anticipated to exchange the gap gas between the 1
st
 and 2

nd
 

Figure 4.5-10  Design power control during power ramp 
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container. The power was lower and the cladding temperature was higher than in the base 

irradiation. However the longer duration of the gas exchange hardly influenced the fuel 

restructuring. After the final conditioning for ~2.5 hours, the south channel power was increased 

up to ~27.5 kW at the rate of 0.5 %/min. Consequently, the maximum power in the 1
st
 power 

ramp reached the following power at the elapsed time of ~4 hours.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The history of the maximum linear power for each fuel segment irradiated in the 1
st
 power 

ramp is shown in Figure 4.5-12. The axial profile of the maximum linear power for each fuel 

segment, which could be estimated in accordance with the RT2 neutron buckling curve, is also 

shown in Figure 4.5-13, together with the axial profile of the cladding outer temperature. The 

peak linear power mentioned above takes into account the influence of the power peaking, 

similar to the estimation after the base irradiation. Approximate “just-melt” positions estimated 

from the neutron radiograph were ~120 mm and ~60 mm from the pin center of the upper and 

the lower segment of SPF-P12. Assuming the RT2 neutron buckling, it is suggested that the 

melting power of sphere-pac fuel is 650-670 W/cm.  

Segment No. Peak LHR 

P11H (MOX-PF) 814 W/cm 

P11L (MOX-PF) 740 W/cm 

P12U (MOX-SPF) 806 W/cm 

P12L (Np-MOX SPF) 733 W/cm 

Figure 4.6-11 The power history during the 1
st
 power ramp 

FUJI 342-07 / 08 PTM test on PSF-5 second part power transient
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Figure 4.5-11  Power history during the 1
st
 power ramp 
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Figure 4.5-12  History of maximum LHR during the 1
st
 power ramp 
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st
 power ramp 
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(2) Cladding temperature 

Based on the measured Mo temperature and the estimated linear power, the cladding 

temperature could be estimated. The thermocouples to obtain the Mo temperatures were located 

at four axial levels in the 250 mm fuel stack. In case of the upper fuel segment with 250 mm fuel 

stack, the cladding outer temperature could be estimated from TC3 at +244 mm, TC4 and TC5 

at +181 mm, TC6 and TC7 at +118 mm, and TC8 and TC9 at +55 mm distance from the pin 

center. In case of the lower fuel segment with 250 mm fuel stack, the cladding outer temperature 

could be obtained from TC10 and TC11 at -55 mm, TC12 and TC13 at -118 mm, TC14 and 

TC15 at -181 mm, and TC16 at -244 mm distance from the pin center. The functions shown in 

Table.4.5-1 were used to estimate the cladding outer temperature from the measured Mo 

temperature. 

The histories of the Mo temperatures from each thermocouple during the 1
st
 power ramp 

are shown in Figure 4.5-14 and Figure 4.5-15. In this estimation, Mo temperature from TC5 of 

FUJI342-07, which located at +181 mm distance from the pin center, was excluded from the 

cladding temperature estimation since it seemed to work unreliably. Therefore the cladding outer 

temperature at this position was estimated by using only the Mo temperature from TC4. TC16 at 

-244 mm of FUJI342-07, that did not function well during the base irradiation, was recovered 

during the 1
st
 power ramp. 

Finally, the cladding outer temperature at each axial position, i.e. 181 mm, 118 mm, and 55 

mm, could be estimated by averaging the Mo temperatures from two thermocouples at each 

axial position, while at 244 mm distance from the pin center the cladding outer temperature was 

estimated from the measured Mo temperature from TC3 and TC16 for the upper and lower fuel 

segment, respectively. The history of the cladding outer temperature of SPF-P11 irradiated in the 

FUJI342-07 sample holder and of SPF-P12 in the FUJI342-08 is shown in Figure 4.5-16 and 

Figure 4.5-17, respectively. Although it took much time to control the cladding temperature 

during the final conditioning, as shown in these figures, this could be finally achieved with 

temperatures around the design value of 510 ˚C, in both segments. In addition, the axial profile 

of cladding outer temperature was well controlled to be axially constant even when the power 

reached the final transient power, as shown in Figure 4.5-13, and its profile indicates that the 

maximum of cladding temperature during the 1
st
 power ramp reached ~630 ˚C close to the 

“just-melt” position in the upper fuel segment of SPF-P12 in FUJI342-08.  
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FUJI-7 on PSF-5, PTM second part power transient
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Figure 4.5-14  History of Mo temperature in FUJI342-07 during the 1
st
 power ramp 

Figure 4.5-15  History of Mo temperature in FUJI342-08 during the 1
st
 power ramp 

FUJI-8 on PSF-5, PTM second part power transient
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Figure 4.5-16  History of cladding outer temperature of SPF-P11 during the 1
st
 power ramp 
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Figure 4.5-17  History of cladding outer temperature of SPF-P12 during the 1
st
 power ramp 



ＪＮＣ ＴＹ８４００ ２００５‐００６

 ｜ 185 ｜

 

4.5.2.4  Second power ramp 

According to the power ramp plan shown in Figure 4.5-10, the 2
nd

 power ramp was 

performed. Since sphere-pac fuel melting was observed in the neutron radiograph after the 1
st
 

power ramp, SPF-P12 was replaced with a dummy pin made of cadmium.  

 

(1) Power history 

The power history was simplified by taking into account the change of trolley position 

during irradiation and the Mo temperature. Figure 4.5-18 shows the comparison between the 

actual instrumental data of each channel power and the simplified history. The actual 

instrumental data from DACOS was simplified into 35-time-step data. The power increase was 

stably controlled during the 2
nd

 power ramp. In the power ramp, the north channel power 

together with the south channel increased up to 27.55 kW to be identical to that at the end of the 

1
st
 power ramp, and then, increased to 32.08 kW at the rate of 0.5%/min. The estimated results 

of maximum linear power during the 2
nd

 power ramp are as follows.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Segment No. Peak LHR 

P11H (MOX-PF) 944 W/cm 

P11L (MOX-PF) 858 W/cm 

Figure 4.5-18  Power history during the 2
nd

 power ramp 
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The histories of the maximum linear power for each fuel segment irradiated in the 2
nd

 

power ramp as shown in Figure 4.5-19. The axial profiles of maximum linear power for each 

fuel segment, which could be estimated in accordance with the RT2 neutron buckling curve, are 

also shown in Figure 4.5-20, together with the axial profile of the cladding outer temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5-19  History of maximum LHR during the 2
nd

 power ramp 
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Figure 4.5-20  Axial profile of LHR and cladding outer temperature during the 2
nd

 power ramp 
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The peak linear power mentioned above takes into account the influence of the power 

peaking, similar to the estimation after the base irradiation and the 1
st
 power ramp. Approximate 

just-melt positions estimated from the neutron radiograph were ~150 mm and ~45 mm distance 

from the pin center for P11H and P11L, respectively. Assuming the RT2 neutron buckling, the 

melting power of this pellet fuel was estimated to 780-820 W/cm. 

 

(2) Cladding temperature 

Based on the measured Mo temperature and the estimated linear power during irradiation, 

the cladding temperature was estimated. The thermocouples to obtain Mo temperatures were 

located at four axial levels in the 250 mm fuel stack. In case of the upper fuel segment with 250 

mm fuel stack, the cladding outer temperature could be estimated from TC3 at +244 mm, TC4 

and TC5 at +181 mm, TC6 and TC7 at +118 mm, and TC8 and TC9 at +55 mm distance from 

the pin center. In case of the lower fuel segment with 250 mm fuel stack, the cladding outer 

temperature could be obtained from TC10 and TC11 at -55 mm, TC12 and TC13 at -118 mm, 

TC14 and TC15 at -181 mm, and TC16 at -244 mm distance from the pin center. The functions 

shown in Table.4.5-1 were used to estimate the cladding outer temperature from the Mo 

temperature.  

 The histories of the Mo temperatures from each thermocouple during the 2
nd

 power ramp 

are shown in Figure 4.5-21. In this estimation also, Mo temperature from TC5 of FUJI342-07, 

which is located at +181 mm distance from the pin center, was excluded from the cladding 

temperature estimation since the measured temperature is expected to be inaccurate, and the 

cladding outer temperature at this position was estimated by using only the Mo temperature 

from TC4. In addition, the Mo temperature from TC16 at -244 mm of FUJI342-07, which was 

wrong during the base irradiation and recovered during the 1
st
 power ramp, is expected to have 

become defective again during the 2
nd

 power ramp. Therefore, the cladding outer temperature at 

this position of FUJI342-07 could not be estimated since there was only one thermocouple 

(TC16) at -244 mm from the pin center. However, this is not a problem due to the same reason 

mentioned in section III-2.  

Finally, the cladding outer temperatures at each axial position, i.e. 181 mm, 118 mm, and 

55 mm, could be estimated by averaging the Mo temperature from two thermocouples at each 

axial position, and that at 244 mm distance from the pin center was estimated from the measured 

Mo temperature from TC3 and TC16 for the upper and lower fuel segment, respectively, except 

for TC16 of FUJI342-07. The history of the cladding outer temperatures of SPF-P11 irradiated 

in the FUJI342-07 sample holder is shown in Figure 4.5-22. The maximum cladding outer 

temperature reached ~650 ˚C.  
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Figure 4.5-21  History of Mo temperature in FUJI342-07 during the 2
nd

 power ramp 
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Figure 4.5-22  History of cladding outer temperature of SPF-P11 during the 2
nd

 power ramp 
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4.5.3  Selection of cutting positions for destructive PIE 

4.5.3.1  analyis of neutron radiographs 

(1) P12U MOX sphere-pac fuel segment 

The neutron radiograph of each segment showed clear fuel melting. Figure 4.5-23 shows the 

neutron radiographs after the base irradiation and after the first power ramp together with the axial 

power profile and the Zr-95 gamma scan data. Comparing to the neutron radiograph after the base 

irradiation, the central hole after the 1
st
 power ramp is slightly enlarged at the low power region in 

the right hand side of the figure. From 158.6mm to 165.3mm distance from the pin center, 

plugging of the central hole can be observed. A Zr-95 peak can be seen at the same position. At 

the 157.5mm distance from the pin center, a sudden enlargement of the central hole can be seen as 

shown in Figure 4.5-24. From plugging to this enlargement is the most suspicious region as the 

starting position of fuel melting. 
 

* Max LHR shows the axial power profile estimated from the gamma 
scanning of outer containment. Zr-95 showed some peaks, which seems 
related to the axial fuel re-distribution. 

 

Figure 4.5-23  Neutron radiographs after the base irradiation and after the 1
st
 power ramp. (P12U)  

 

 

Figure 4.5-24  Picture of P12U at 157.5mmdistance from the pin center 

157.5
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(2) P12L Np-MOX sphere-pac fuel segment 

Figure 4.5-25 shows the neutron radiographs after the base irradiation and after the first 

ramp together with the axial power profile and the Zr-95 gamma scan data. Comparing to the 

neutron radiograph after the base irradiation, the central hole after 1
st
 power ramp shows an 

apparently large central hole at three axial positions (A, B and D), and a small darkening at the 

middle of plugging (C) as shown in Figure 4.5-26. Among those positions, position A and B in the 

Figure 4.5-26 can be considered as molten regions because the of plugging of the central hole 

below them and the rather strange shapes of those central holes. Position C and D are rather 

difficult to judge whether fuel melting is already occurred at these positions. The diameter of the 

dark spot at position C seems similar to the central hole diameter after the base irradiation. In case 

a normal straight central hole is observed in this position, the starting position of the fuel melting 

should be higher than this position. The enlarged central hole and the density decrease indicated 

by Zr-95 distribution suggest fuel melting at this position, but the plugging of the central hole, 

which is typical feature at the bottom of melting region can not be confirmed in the neutron 

radiograph nor in the Zr-95 profile. 

 
* Max LHR shows the axial power profile estimated from the gamma 

scanning of outer containment. Zr-95 showed some peaks, which seems 
related to the axial fuel re-distribution. 

 

Figure 4.5-25  Neutron radiographs after the base irradiation and after the 1
st
 power ramp. (P12L) 
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Figure 4.5-26  Picture of P12L at 69.0mm, 92.0mm 126.7mm and 138.4mm distance from the pin center 

A 

B 

C 

69.0mm

D 

ABCD

138.4mm

126.7mm
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(3) P11H MOX pellet fuel segment 

Figure 4.5-27 shows the neutron radiographs after the base irradiation and after power 

ramps together with axial power profile and Zr-95 gamma scan data. Fuel melting can be clearly 

observed in the neutron radiograph after the second power ramp, but only a small difference is 

observed in the peaks of Zr-95 relate to the axial fuel re-distribution. At three axial positions, fuel 

melting can be observed together with the central hole plugging as shown in Figure 4.5-28. A 

weak shadow on the sixteenth pellet from the bottom can be seen in the neutron radiograph taken 

after second power ramp (Figure 4.5-29). A central void after the base irradiation hardly can be 

seen at the position, therefore plugging of the central hole can not be confirmed thus it is unclear if 

fuel melting occurred or not. 

 

Figure 4.5-27  Neutron radiographs after the base irradiation, after the 1
st
 ramp and after 2

nd
 ramp. (P11H)  
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Figure 4.5-28  Picture of P11H at 75.0mm, 124.7mm and 155.2mm distance from the pin center 

 

 

 

 
 

Figure 4.5-29  A weak shadow on the photo of P11H at 174.4mm distance from the pin center 

A 

C

C 

75.0mm

D

After Base irradiation 

B 

A B

124.7mm

155.2mm

174.4mm

After 2nd Power Ramp 

(Photo #38) 

After 1st Power Ramp 
(Photo #37) 
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(4) P11L MOX pellet fuel segment 

Figure 4.5-30 shows the neutron radiographs after the base irradiation and after the power 

ramps together with the axial power profile and the Zr-95 gamma scan data. Fuel melting can be 

clearly observed in the neutron radiograph after the second power ramp, but it is very difficult to 

relate it to the profile of Zr-95. Figure 4.5-31 shows the neutron radiograph at the top of the fuel 

stack after the base irradiation as well as after each power ramp. Comparison to the neutron 

radiograph after the base irradiation, the enlargement of the central hole at the top of the first 

pellet and at the bottom of the second pellet can be seen with the plugging of the central hole. 

Fuel melting at this position can not be confirmed anymore, since this position already 

experienced the second power ramp. After the second power ramp, the central hole at the top of 

the first pellet enlarged, the central hole at the bottom of the second pellet disappeared and the 

plugging extended down to the 8
th

 pellet.  

 

Figure 4.5-30  Neutron radiographs after the base irradiation, after the 1
st
 ramp and after 2

nd
 ramp. (P11L)  
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Figure 4.5-31  Picture of P11L at the top of fuel stack 

 

4.5.3.2  Selection of cutting positions 

(1) Sample position 1 (P11L) 

Figure 4.5-32 shows the ceramography position of the P11L lower MOX pellet segment. 

After the first sawing, a part of the fuel was extruded from the lower part because of the 

presence of plenum spring at the bottom of the fuel segment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5-32  Ceramography position of P11L 

After Base irradiation 

After 2nd Power Ramp 

(Photo #38) 

After 1st Power Ramp 
(Photo #37) 
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(2) Sample position 2 (P12L-D) 

Figure 4.5-33 shows the ceramography position of the P12L lower Np-MOX sphere-pac 

segment. To investigate fuel melting state, it was necessary to observe not only around the 

expected melting region but also plugging below the central hole. Therefore the length of the 

fuel was planned to be cover as long as possible. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.5-33  Ceramography position of P12L-D 

 

(3) Sample position 3 (P12L-C) 

Figure 4.5-34 shows the ceramography position of the P12L lower Np-MOX sphere-pac 

segment. The aim of ceramography at this position was analysis of dark spot and determination 

of starting position of fuel melting. Since no central hole could be confirmed with this neutron 

radiograph, it was necessary to observe both ends to know the eccentricity of central hole. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5-34  Ceramography position of P12L-C 
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(4) Sample position 4 (P12U) 

Figure 4.5-35 shows the ceramography position of the P12U upper MOX sphere-pac 

segment. The aim of ceramography at this position was determination of starting position of fuel 

melting.  

 

 

Figure 4.5-35  Ceramography position of P12U 

 

(5) Sample position 5 and 6 (P11H) 

Figure 4.5-36 shows the ceramography position of the P11H upper MOX sphere-pac 

segment. The aim of ceramography of sample number 5 (P11H-C) was determination of starting 

position of fuel melting. The aim of ceramography of sample number 6 (P11H-D) was 

confirmation of fuel melting at the dark spot. Since any central hole around sample number 6 

could not be confirmed in the neutron radiograph, these samples should be prepared together. 

According to the observation at the third sawing position, eccentricity of the central hole was 

analyzed. 
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Figure 4.5-36  Ceramography position of P11H 
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(6) Sample position 7 (P12U) 

Sample position 7 and 8 were chosen for better understanding of the molten fuel behavior.  

Figure 4.5-37 shows the ceramography position of the P12U upper MOX sphere-pac 

segment. The aim of the ceramography at this position was observation of the molten fuel 

behavior in the sphere-pac fuel. The most concerning points of this ceramography were whether 

molten fuel reached to the cladding or not and why. The 4
th

 sawing position was chosen 5mm 

away from the crack to prevent no sintered spheres dropping off. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5-37  Ceramography position at the largest central hole of P12U 

 

 

(7) Sample position 8 (P11H) 

Figure 4.5-38 shows the ceramography position of the P11H upper MOX pellet segment. 

The aim of ceramography at this position was observation of the fuel behavior at high power 

(~790W/cm). 

 

Figure 4.5-38  Ceramography position at high power position of P11H 
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(8) Sample position for burnup analysis (P11L) 

Figure 4.5-39 shows cutting positions for the sample of burnup analysis. This position had 

to be chosen not to contain the molten fuel in the central hole. Down to the 8
th

 pellet from the 

top of P11L fuel stack, no central hole can be seen in the neutron radiograph. Therefore the 9
th

 

and 10
th

 pellet was chosen for the burnup analysis sample. Since PSI requested the sample 

without resin, both cutting position was fixed with another technique. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5-39  Cutting position for burnup analysis in P11L 
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4.5.3.3  Summary 

Eight ceramography positions were chosen as described below in the distance from the pin 

center. Six positions were chosen to determine the starting position of fuel melting by axial 

ceramography. The other two positions were chosen to understand the molten fuel behavior in 

high power positions. 

 

P11H (MOX pellet)  :50.2 mm, 143.0-164.4 mm and 164.9-188.4 mm 

P11L (MOX pellet)  :26.0-49.5 mm 

P12U (MOX sphere-pac)  :96.5 mm and 148.3-172.3 mm 

P12L (Np-MOX sphere-pac) :113.9-137.9 mm and 140.4-164.4 mm 

 

Position of the sample for burnup analysis was 107.0-122.0 mm distance from the pin 

center of P12L segment. The positions for the lower segments are 5mm shorter than the drawing 

in chapter 4 considering the length of male screw (5 mm). 

 

 

[1] K.Bakker: “Analysis of the problem that occurred during the initial sintering irradiation test”, 

NRG 97/04.57971FAI/KB/JY (2004) 

[2] K.Bakker: “Adjustment of the sample holders for the restructuring #2 and the PTM test”, 

NRG20697/04.61964/l (2004)] 

[3] J.A.Lycklama, à Nijeholt, K.Bakker: “CFD analysis of the FUJI coolant water gap”, 

NRG20697/04.61130/C (2004) 
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5  POST IRRADIATION EXAMINATIONS 

5.1  Introduction 

The following items were performed in the post irradiation examination of the FUJI 

project. 

Non-destructive examinations 

1) Neutron Radiography 

2) Gamma Scan 

3) Visual Inspection 

4) Profilometry 

5) Neutron Metrology 

6) Puncturing 

Destructive examinations 

1) Ceramography 

2) Electron Probe Microscope Analysis (EPMA) 

3) Burnup Analysis 

Among these items, the burnup analysis will be reported separately. 

Two neutron radiographs were made both prior to and after each irradiation. When whole 

set of neutron radiographs were taken, the upper section of the sample holder was removed and 

only the lower section was transported to the Hot Cell Laboratory (HCL). Directly after cutting, 

the gas-lines of the cut sample holder were closed with resin. Just after the arrival at the HCL the 

outer containment was removed using a pipe-cutter. At first, gamma scanning of the fuel was 

done, while the fuel was still in the inner containment. Then, gamma scanning of the outer 

containment was also performed. At the same time, the scanned inner containment was 

dismantled to the fuel segments. Dismantling was followed by the visual inspection, 

profilometry and puncturing. After these non-destructive examinations, the fuel pin was 

transported to a lead cell for the destructive examinations, i.e. ceramography and the EPMA. 

One piece of the fuel from each test with 19mm in length from each test was transported to PSI 

for the burnup analysis.  

 

5.2  Experimental Techniques 

5.2.1  Neutron Radiography 

Neutron radiography was done before and after the irradiation. The underwater neutron 

radiography camera is shown in Figure 5.2-1. The neutron radiography film (Kodak CN85) was 

placed between two boron plates in an aluminum holder. Due to the positioning of the film with 

respect to the fuel, the image obtained on the film is slightly magnified compared to the actual 

size of the object. The evacuation of the air from the aluminum holder created a vacuum, which 

forced the boron plates on the neutron radiography film. 



ＪＮＣ ＴＹ８４００ ２００５‐００６

 ｜ 203 ｜

 

Figure 5.2-1  HFR underwater neutron radiography camera 

 

In order to make the neutron radiographs, the two sample holders of one irradiation were placed 

simultaneously into a neutron radiography holder (Figure 5.2-2). This is a large diameter tube 

(about 10 cm diameter) in which the sample holders have been fixed only at the top. Fixing only 

at the top has the advantage that no extra structural components appear on the neutron 

radiographs. Due to the way in which the sample holders have been fixed in the neutron 

radiography holder, they have some “freedom”, both in axial direction and also in radial 

direction at the bottom of the sample holder. This is the reason that the positions of the fuel 

stacks on the neutron radiographs are not completely identical for all neutron radiographs. 

On this tube, small cadmium wires (which have very high neutron absorption) were placed, 

which could be clearly observed as markers on the neutron radiographs. These markers appeared 

to be only of limited use on the neutron radiographs. Great care was taken during making a 

neutron radiograph not to have markers in front of the fuel stack. In the second half of the 

irradiations, this cadmium wires were removed. Neutron radiographs were made at two 

orientations with an angle of approximately 90 degrees between them. The uncertainty in the 

angle of rotation is relatively large (about 10 degrees). The angle was achieved by rotation of the 

neutron radiography holder as shown in Figure 5.2-3. 
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Figure 5.2-2  Special neutron radiography holder for simultaneous inspection of two LMFBR fuel pins by 

neutron radiography 

 

The following conditions were used for making the neutron radiographs. The neutron 

radiographs were made using an exposure time of seven minutes. The neutron radiography films 

were developed after neutron radiography and were scanned by JRC-IE in Petten at a resolution 

of 50 m using a densitometer. Due to the severe transport restrictions on the very flammable 

nitro-cellulose films, the films could not be transferred from NRG to JNC. 
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Figure5.2-3  The two positions of the neutron radiography holder with respect to the film and neutron beam 

(schematically) 

 

5.2.2  Gamma scanning 

The gamma rays of the fuel segment were measured using a high purity germanium 

detector placed just behind a collimator system, crossing the rear wall of the hot cell. A 

schematic representation of this device is shown in Figure 5.2-4. The collimator has a total 

length of 1.4 m. The slit height is adjustable from 0 through 8 mm and the width is adjustable 

from 0 through 15 mm.  

At first, gamma scanning of the fuel was done, while the fuel was still in the inner 

containment. Then, gamma scanning of the outer containment was also performed. Settings for 

each measurement are listed in Table 5.2-1 and 5.2-2. 

 

Table 5.2-1  Gamma scan settings for the scan of fuel and inner containment 

Experiment SPFI11 SPFI12 SPFR11 SPFR12 SPFR21 SPFR22 SPFP11 SPFP12

Start date and time
Feb, 6 2004 at

10h07

Feb, 9 2004 at

8h59

Mar, 16 2004

at 18h25

Mar, 23 2004

at 16h48

Jan 12, 2005

at 18h49

Jan 14, 2005

at 15h10

Apr 12, 2005

at 14h37

Apr 6, 2005 at

11h24

Stop date and time
Feb, 7 2004 at

7h06

Feb, 10 2004

at 5h30

Mar, 18 2004

at 7h47

Mar, 27 2004

at 11h40

Jan 14, 2005

at 12h59

Jan 16, 2005

at 21h45

Apr 17, 2005

at 17h39

Apr 11, 2005

at 17h49

Cooling time (days) 6 8.9 13.6 20.5 25 27 27.1 27.7
Scan device number 2 2 2 2 2 2 2 2
Collimator height (mm) 1 1 0.5 0.5 1 1 0.4 0.4
Collimator width (mm) 15 15 15 15 15 15 15 15
Start position (mm) 0 0 0 0 0 0 190 190
Stop position (mm) 595 595 554 589.5 511 595 755 750
Scan length (mm) 595 595 554 589.5 511 595 565 560
Axial displacement / (mm) 1 1 0.5 0.5 1 1 0.4 0.4
Collect time / step (s) 100 100 100 100 250 250 300 300
Total collect time (hr) 21 20.5 37.4 91 42.2 54.6 147 126.4  
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Table 5.2-2  Gamma scan settings for the scan of outer containment 

Experiment SPFI11 SPFI12 SPFR11 SPFR12 SPFR21 SPFR22 SPFP11 SPFP12

Start date and time
Feb, 23 2004

at 10h08

Feb, 20 2004

at 15h08

Mar, 30 2004

at 14h13

Apr, 2 2004 at

15h18

Jan 17, 2005

at 13h34

Jan 18, 2005

at 12h48

Apr 21, 2005

at 11h55

Apr 19, 2005

at 14h19

Stop date and time
Feb, 24 2004

at 12h43

Feb, 21 2004

at 17h43

Mar, 31 2004

at 16h55

Apr, 3 2004 at

18h02

Jan 18, 2005

at 7h41

Jan 19, 2005

at 9h34

Apr 22, 2205

at 7h00

Apr 20, 2005

at 9h24

Cooling time (days) 23 20.2 27.4 30.5 30 31 35.9 40.8
Scan device number 2 2 2 2 2 2 2 2
Collimator height (mm) 5 5 5 5 5 5 5 5
Collimator width (mm) 15 15 15 15 15 15 15 15
Start position (mm) 0 0 0 0 0 0 190 190
Stop position (mm) 770 770 770 770 500 590 740 740
Scan length (mm) 770 770 770 770 500 590 550 550
Axial displacement / (mm) 5 5 5 5 5 5 5 5
Collect time / step (s) 600 600 600 600 600 600 600 600
Total collect time (hr) 26.6 26.6 26.7 26.7 18.1 20.8 19.1 19.1  

 

 

 

Figure5.2-4  Layout of the gamma-scan assembly 
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A transport facility with an axial transport length of 770 mm is installed against the rear 

wall of the hot cell. The axial position of the gamma scan transport unit is controlled by means 

of a magnetic vernier system, which is a large amount of small magnets for accurately recording 

of the displacement. The smallest axial displacement amounts to 0.1 ± 0.01 mm for each 

position. The segment or sample holder was clamped upon the transport device (Figure 5.2-5) 

and moved in vertical direction. 

 

 

Figure 5.2-5  Capsule on gamma scan device 
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The Multi Nuclide Scan (MNS) with the Canberra S100 multi channel analyzer, the pulse 

height analyzing (PHA) measurement and the motion control unit are coordinated by a pentium 

personal computer. The analysis of the spectrometric data was performed on-line and the results 

were stored on disc. Further processing to graphical and data output was performed with the aid 

of a Digital VAXstation 4000/90. 

To prevent an error in the net area calculations due to the dead time of detector, a 

calibration pulse was taken into account. A correction factor of the dead time was calculated by 

means of the following formula. 

F
f s

N
 (5-1) 

where F = correction factor 

 f = pulsar frequency  (50 Hz)  

 s = collect time  (s) 

 N = net area of the pulsar peak 

 

The whole PHA spectrum was corrected with this correction factor F. In the multi nuclide scans 

only the net areas were corrected. 

The isotopes that have been measured are shown in Table 5.2-3 and 5.2-4. 

 

Table 5.2-3  Measured isotopes during the scans of the fuel 
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Table 5.2-4  Measured isotopes during the scans of the outer containment 

 

 

The absolute uncertainty in the positioning is mainly connected with the initial uncertainty 

in the placement, which can be of the order of a few mm. The relative accuracy in the 

displacement is good (± 0.01 mm) due to the presence of a displacement rod equipped with a 

magnetic vernier system. The uncertainty in the gamma scan signal depends on various 

parameters, such as the number of counts, the specific energy of the gamma, interaction with 

structural materials and counting time. A general remark cannot be made on the uncertainty in 

the gamma scan signal. The energy dependence of the gamma signal for typical conditions in 

SPFI11 sample holder is shown in Figure 5.2-6. 
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Width of an energy bin is 0.405 keV.  

The total counting time to get the energy dependence curve is 500 seconds. 

 

Figure 5.2-6  Energy dependence of the gamma signal recorded for SPFI11 sample holder 
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5.2.3  Sodium Removal 

After the first gamma scanning, the following steps were taken to remove the sodium: 

1. The inner containment was sawed at both ends (Figure 5.2-7). 

2. The sample holder was immersed into methanol for about two weeks, allowing a slow 

reaction between sodium and methanol. 

3. When all sodium was dissolved and the bubbles of hydrogen disappeared, the fuel 

segments were taken out from the molybdenum shroud (Figure 5.2-8). 

4. The segments were disconnected from each other by using two spanners, which were put 

on both segment sides of the connector, allowing by a small force to easily break the spot 

welds that were placed to connect the two segments together. 

 

 

Figure 5.2-7  Making a cut (using a saw) in the lower part of the inner containment 
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Going from the lower side of the figure upwards it shows: 8 neutron monitor sets (1,3,3,1), 2 connected fuel 

segments, 2 disconnected molybdenum shrouds, the inner containment (white due to sodium oxide), 2 

aluminium containers used to store the disconnected segments, thermocouple wires, Na-filling tubes, etc. At the 

right side of the figure three spanners those were used to disconnect the two fuel segments can be seen.  

 

Figure 5.2-8  Components after dismantling 
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5.2.4  Visual Inspection 

Visual inspection of the capsule was performed with the visual inspection system and 

images were taken with a Nikon digital camera mark D1. The system consists of an in-cell part 

and an out-cell part (Figure 5.2-9). 

 

Halogen 

lighting

XYZ-table

Periscope

Nikon D1 

CCD camera

Light control

Movement 

control

IN-CELL

OUT-CELL

 

Figure 5.2-9  Layout of the visual inspection equipment 
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The in-cell part consists of the circular halogen lighting, the XYZ-table (Figure 5.2-10) and 

a part of the periscope. 

 

 

Figure 5.2-10  Visual inspection of a fuel segment 

 

The out-cell part consists of the other part of the periscope, the Nikon D1, image 

processing equipment, a control device for the lighting and a control device for the movements 

of the XYZ-table. The movement of the XYZ-table by stepper motors is controlled outside the 

hot cell with stepper motor drivers and the positions of the XYZ-table are measured by means of 

a magnetic vernier system inside the hot cell.  

 

5.2.5  Profilometry 

Profilometry was performed with the in-cell thickness measuring unit mounted on scan 

device number 5 (Figure 5.2-11). The diameter measurements consist of three axial 

measurements along the capsule at fixed circumferential positions. The two contacting sensors 

measuring the diameter are placed at 180 degrees opposite locations on the outside of the 

cladding. After one measurement the capsule was rotated 120 degrees clockwise and the next 

measurement was performed, which yields in total 3 axial measurements. The uncertainty in the 

rotational position is about 5 degrees. The position was fixed visually. 

The smallest axial displacement amounts to 0.1 ± 0.01 mm for each position with a 

magnetic vernier system. The absolute uncertainty in the positioning is mainly connected with 

the initial uncertainty in the placement, which can be of the order of a few mm. The absolute 

accuracy of the diameter measurement is approximately 3 m, while the relative accuracy is 

better than 1 m. An overview of the setup of the profilometry measurements is shown in 

Table 5.2-5. 
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Figure 5.2-11  Profilometry of a capsule 
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Table 5.2-5  Set-up of the profilometry measurements 

Scan device number 

Axial displacement per step 

Total axial displacement 

Rotational displacement 

Number of axial lines 

Rotation position of line 1 

Rotation position of line 2 

Rotation position of line 3 

Sensitivity 

 

(mm) 

(mm) 

(deg) 

 

(deg) 

(deg) 

(deg) 

( m) 

5 

0.5 

slightly over 400 mm 

120 

3 

0 

120 

240 

1 

 

 

The profilometry on the upper segments was done with the upper part of the segment fixed 

in the mounting device. The axial position at 0 mm is indicated in Figure 5.2-12 (directly above 

the flat surface). The profilometry on the lower segments was done with the lower part of the 

segment fixed in the mounting device. The axial position at 0 mm is indicated in Figure 5.2-13 

(directly above the flat surface). 

 

 

 

 

 

 

        Side which is mounted      Measurement direction     position is 0 mm 

 

Figure 5.2-12  Profilometry on the upper segments 

  

 

 

 

 

 

    position is 0 mm         Measurement direction  Side which is mounted   

 

Figure 5.2-13  Profilometry on the lower segments 
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With the profilometry measurement device, the ovality of the cladding was measured as 

well. The rotating segment was moved in axial direction while at the same time the diameter 

change was measured by a chart recorder. One block of the chart (1%) in diameter signal 

corresponds with 5 micrometer change in diameter for IST and RT1 examinations, and with 2 

micrometer change for RT2 and PTM examinations. One block in axial direction corresponds 

with 10 mm length of fuel segment. The rotation speed and the axial movement speed of the fuel 

segment were chosen in such a way that 2 mm movement in the axial direction corresponds with 

one rotation. Therefore, if ovality exists, 10 peaks can be observed per cm fuel segment. In the 

second half of the irradiation (RT2 and PTM) rotation speed was twice as much as before, so 20 

peaks can be observed per cm fuel segment. 

 

5.2.6  Neutron Metrology 

For purposes of neutron metrology, each sample holder had been provided with eight 

activation monitor sets, which were placed at four different axial levels. At two axial levels one 

monitor set was placed, while at the other two axial levels three monitor sets were positioned at a 

120 degrees angle. The monitor sets were inserted into small grooves on the molybdenum shroud. 

The orientation is given as N(orth), S(outh)E(east), and S(outh)W(est). 

An activation monitor set was made of a stainless steel (AISI 316) container, filled with the 

following activation monitor materials packed together in an outer quartz tube: 

 

 iron wire piece packed in an inner quartz tube; 

 nickel-cobalt wire piece (1 wt.% Co) packed in an inner quartz tube; 

 titanium wire piece; 

 niobium wire piece packed in an inner quartz tube. 

 

Four activation monitor wire pieces (NiCo, Fe, Ti, and Nb) were first encapsulated separately 

in tiny quartz tubes (except Ti), and then packed together in an outer quartz tube again. This quartz 

tube was finally loaded in a stainless steel container, further called a monitor set (Figure 5.2-14). 

After a leak test, the 32 stainless steel containers were placed at various positions on the 

molybdenum shroud of the IST and RT1 sample holders. The positions of the monitor sets, the 

orientation and the codes for each set are listed in the Tables 5.2-6 and 5.2-7. From the measured 

neutron metrology results and from mass determination of several activation monitors, it appeared 

that some monitor sets were interchanged before irradiation.  
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Table 5.2-6  Mass values of the activation monitors in IST sample holders 

Pin Distance 

to CL exp. 

(mm) 

Orientation Monitor 
set code

Mass of fluence monitors (mg) 

    Co Fe Ti Nb 
I11 0 N 1 0.0691 0.5972 1.1993 1.3791
I11 0 SE 2 0.0671 0.6197 0.9803 1.5309
I11 0 SW 3 0.0700 0.6535 0.8908 1.4875
I11 -100 N 4 0.0719 0.5924 0.9024 1.4428
I11 -100 SE 5 0.0775 0.5186 0.9853 1.4167
I11 -100 SW 6 0.0683 0.5385 0.9855 1.4487
I11 -175 N 7 0.0650 0.6172 1.0086 1.3905
I11 -250 N 8 0.0699 0.5014 1.1509 1.4446

        
I12 125 N 9 0.0807 0.5749 0.8494 1.3666
I12 0 N 10 0.0806 0.6053 0.9669 1.4027
I12 0 SE 17 0.0809 0.6004 0.9950 1.4334

I12 0 SW 12 0.0654 0.5535 1.1081 1.4048
I12 -100 N 13 0.0696 0.5657 1.0695 1.4360
I12 -100 SE 14 0.0716 0.5457 0.8114 1.4435
I12 -100 SW 15 0.0667 0.6184 1.0981 1.3639
I12 -225 N 16 0.0699 0.6063 1.1489 1.4320

Monitor set no 11 was interchanged with no 17 
 

 

 

 

Table 5.2-7  Mass values of the activation monitors in RT1 sample holders 

Pin Distance 

to CL exp. 

(mm) 

Orientation Monitor 
set code

Mass of fluence monitors (mg) 

    Co Fe Ti Nb 
R11 0 N 27 0.0688 0.5895 0.9310 1.4760

R11 0 SE 18 0.0726 0.5276 0.9454 1.4056
R11 0 SW 19 0.0693 0.6937 0.9890 1.3993
R11 -100 N 20 0.0692 0.6015 0.9116 1.4761
R11 -100 SE 21 0.0698 0.6435 0.7657 1.3990
R11 -100 SW 22 0.0802 0.6773 1.0775 1.4285
R11 -175 N 23 0.0796 0.6149 1.0996 1.4243
R11 -250 N 24 0.0682 0.5919 0.9879 1.4722

        
R12 125 N 25 0.0736 0.5406 1.2701 1.4513
R12 0 N 26 0.0642 0.7008 0.9837 1.4332
R12 0 SE 11 0.0638 0.7054 0.9908 1.4213

R12 0 SW 30 0.0698 0.6433 1.2193 1.4364

R12 -100 N 29 0.0541 0.6091 0.9743 1.4900
R12 -100 SE 28 0.0663 0.5132 0.9193 1.3831

R12 -100 SW 31 0.0762 0.6250 1.0441 1.4063
R12 -225 N 32 0.0744 0.5602 0.9607 1.4252

Monitor set no 17 was interchanged with no 27; 
Monitor set no 27 was interchanged with no 11; 
Monitor set no 28 was interchanged with no 30; 
Monitor set no 30 was interchanged with no 28. 
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Figure 5.2-14  Composition and encapsulation details of an activation monitor set 

 

 

For the neutron metrology procedure the following reactions have been used: 

reaction    purpose 
59

Co(n, )
60

Co   thermal fluence, and thermal spectrum index; 
54

Fe(n,p)
54

Mn  fast fluence, and fast spectrum index; 

The remaining activation reactions induced in the monitor sets were only used for quality 

control i.e. spectrum indices. 
58

Fe(n, )
59

Fe  thermal spectrum index; 
93

Nb(n, )
94

Nb   thermal spectrum index. 
46

Ti(n,p)
46

Sc  fast spectrum index; 
93

Nb(n,n')
93m

Nb  fast spectrum index. 

After irradiation, the stainless steel encapsulation of each monitor set was removed in a 

dismantling cell of the Hot Cell Laboratory (HCL), and subsequently the sets were transferred to 

the E. Fermi laboratory in June 2004. The monitor sets were received in aluminum capsules coded 

with the identification number of each set.  

All activation monitors of the IST could be recovered. The CoNi wire piece of monitor set No. 
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20 of SPFR11 was lost during the dismantling in the HCL. The quartz capsules of the Fe 

activation monitors of the sets 21 and 31 of SPFR11/R12 were broken. In the E. Fermi Laboratory 

the activation monitors were reloaded in a small type polyethylene container, a material that also 

has been used for the efficiency calibration procedure of the HPGe spectrometers. Also the 

possibility of radioactive contamination from the HCL was avoided by following this procedure. 

After preparation of the activation monitors the counting procedure was started. The counting of 

all activation monitors have been carried out by means of a calibrated HPGe gamma spectrometer 

arrangement together with a robot for sample changing and controlled by a computer code 

(ROBOT1).  

After the measurements the counted gamma-ray spectra were processed by means of the 

computer program package NEMO, which yield neutron fluence values. The fluence values and 

the reaction rates (saturation activity values per target atom) of the product nuclei valid for the 

activation reactions at a reference power of 45 MW were calculated with the code VILLA, part of 

the NEMO package. 

 

5.2.7  Puncturing 

The purpose of puncturing a fuel segment is to determine the plenum gas pressure, the 

plenum volume, the quantitative amount of fission-gas release consisting of krypton, helium and 

xenon, and also the isotopic composition. For this destructive examination work the hot cell 

laboratory has a puncture unit available, which consists of two parts: an in-cell part; the 

puncturing unit and the out-of-cell part; the gas sampling device as is shown in Figures 5.2-15 

and 5.2-16. 

 

Figure 5.2-15  Schematic drawing of the puncturing unit 
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Fuel pin Puncture 

chamber 

 

Figure 5.2-16  Schematic drawing of the puncturing device 

 

The procedure for puncturing of fuel is described hereafter. 

 The plenum side of the fuel rod is placed in the puncture unit, see Figure 5.2-17. 

 The O-rings number 3 between the fuel rod and puncturing unit provide a leak tight 

connection. 

 The puncture unit is connected to the gas-sampling device by a 5-meter long vacuum 

tight stainless steel flexible tube. 

 After evacuation of the gas sampling device and the puncture unit with the Balzers 

vacuum pump to system vacuum, the valve V9 is closed and the pressure is controlled 

during 30 minutes. The whole installation has to be leak tight. 
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Figure 5.2-17  Photo of the puncturing device 

The next phase is to measure the void volume. 

 Fill the unknown volume of the puncture unit with helium and close V13. 

 Evacuate the whole device (out and in-cell parts) and close V10. 

 Release the helium of the puncture tool by opening V13. 

 Pump the helium to the collection part with the Toepler pump. 

 Take a 10 ml sample of the collected gas with the burette. Measure the pressure with 

the burette. 

 Using these data the void volume can be calculated. 

The next phase is the puncturing of the fuel rod. 

 After evacuation of the entire installation, valve V10 is closed and the vacuum of the 

complete device will be controlled. 

 The fuel rod can now be punctured, the fission gas will be collected in the collection 

part with the Toepler pump, see Figure 5.2-18. 

 A 10 ml sample of the collected gas is taken with the burette. The pressure is 

measured with the burette also. 

 With the temperature of the gas, the total gas volume can be calculated. 
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Figure 5.2-18  Photo of the Toepler pump 

The next phase is mass-spectrometry. 

 A representative standard for the FUJI gas a synthetic standard gas mixture of He, Kr 

and Xe has been used to determine the calibration factors of the device. While the 

sensitivity of the mass spectrometer for CO2, N2, Ar and O2 are deduced from the 

sensitivity for pure N2 gas. 

 A well-known volume (6-ml) is filled with the collected gas. The gas quantity and 

composition is determined using Finnigan Mat 251 gas mass spectrometer. 

Rod puncturing was performed on all four PTM segments. The complete vacuum system of 

the puncture installation was checked once more after completion of the first puncture, which 

was done on segment P11H. The reason for doing the re-check is that a relatively small amount 

of air was found in the analysis of P11H. The procedure used for the recheck is described 

hereafter: 

The puncture chamber shown in Figure 5.2-16 was evacuated and then filled with 1 bar 

helium. After this part of the helium was pumped out until a pressure of 0.2 bar was left. This 
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gas amount left in the puncture chamber corresponds roughly with the gas amount present in a 

fuel segment prior to puncturing. This gas amount was pumped into similar two transport 

vessels (each contained about 50% of the gas) and a mass spectrometry measurement was done. 

The results of this measurement are shown in Table 5.2-8. The results show that there was a 

small amount of N2 and O2 present in the gas holders, which made it possible that part of the N2 

and O2 detected in P11H had been induced during either the gas puncture, the transport from gas 

puncture to mass spectrometry or during the mass spectrometry. 

 

Table 5.2-8  Composition of the gas analyzed during the test run 

Component Gas holder #1 Gas holder #2 

He 99 vol.% 99 vol.% 

N2 1 vol.% 1 vol.% 

O2 0.1 vol.% 0.1 vol.% 

 

 

5.2.8  Ceramography 

After non-destructive examinations, fuel segments were transported to the lead cells for 

destructive examinations. The atmospheres of these cells are controlled to of N2 with 10-13% O2 

with a slight under-pressure. This atmosphere is caused by a combination of air-leak into the 

cells and flushing with N2 gas. The oxygen concentration should stay sufficiently low to 

minimize the risk of explosion. 

Destructive examinations were performed in the following order, sawing, grinding, 

polishing, taking macro and micro photos, EPMA (if planned), etching and taking a micro photo 

again. The sawing was done with a blade with diamond grains with a width of 0.5 mm and a 

diameter of 100 mm. The rotation speed was about 100 rpm. The sawing machine (Figure 

5.2-19) has two engines, one for the rotation of blade and one to push the blade forward. The 

rotation was continuously, while the pushing engine worked only at intervals (20 seconds 

pushing and 30 seconds no pushing). During the 30 seconds, the blade rotated but stayed at its 

position. It allowed the removal of saw dust and saw pieces and natural cooling of the blade. 

During sawing, the progress of the sawing was continuously monitored by a hot cell operator. 

When the hot cell operator noticed that the engine requires more force than normal (as he could 

hear from the sound of the sawing) he would remove the saw from the slit in order to remove the 

saw-pieces that cause the extra force. The typical time required for sawing 1 radial cut was 1-2 

hour, but this depended strongly on the properties of the material that was being cut. 
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Rotating 

blade 

Fuel segment 

 

Figure 5.2-19  Photo of the saw outside the cell 

 

Sawing positions were chosen as to simulate the thermal condition of the fast reactor fuel. 

After each sawing, a mixture of synthetic resin (Hysol (type R8-2038), a synthetic 

two-component resin produced by Dexter electronic materials division) and a hardener in the 

ratio of 25:2 was poured on the sawed surface to impregnate the space between the fuel particles 

or the gap between pellet and cladding. The synthetic resin was dried overnight (typically for 17 

hours; in case the final fixation to the sample holder, for 24 hours). 

Grinding and polishing was done in a similar manner. The samples, which were fixed in a 

holder, were placed on a rotating plate (Figure 5.2-20). In order to make the grinding and 

polishing faster a 280-gram weight was placed on top of the holder. The weight is a compromise 

between time and risk of scratches. On the rotating plate large grained (grinding) or small 

grained (polishing) paper disks can be laid using the following steps: 

 Grinding is done with carborundum paper with the following grits: 180, 240, 320, 400 

and 600 (last grinding step). 

 Polishing is done with diamond paste with decreasing sizes: 6 m, 1 m and 0.25 m 

(last polishing step).  
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Figure 5.2-20  Photo of the grinding device 

 

The duration of the grinding was typically 5 minutes. As lubricant, Kemet fluid type OS 

(Kemet is a company based in Bergen op Zoom, Netherlands) was used, which was an organic 

low viscosity compound. After each grinding and polishing step, the sample was washed in an 

ultra sonic bath containing ethanol, and dried with a hair dryer. The sample was inspected 

visually and in some cases grinded for another 5 minutes using the same paper, or in other cases 

the next grinding step was done using finer paper. The first grinding step (using the 180 grit) 

took typically 30-45 minutes, since this was the time required to get a sufficiently flat sample. 

The duration of the polishing was typically 15 minutes. The last polishing step with 0.25 m 

was performed only a few minutes. In a few cases it appeared that after the grinding the result 

was not yet adequate and the procedure was repeated. 

Optical microscopy was performed on the samples using a Leitz mm 5 RT microscope, 

except for the macro photograph, which was made using the Macro2 camera. The macro 

photograph was taken on a black and white Polaroid film, and scanned at 1000 dpi in a color 

mode. The micro images were recorded directly as a digital image (using a JVC 3CCD KY-F55b 

camera) and stored electronically. This camera is a color camera with 768 pixels horizontally 

and 576 pixels vertically. Those were taken with a magnification of 180:1 (the settings of the 

microscope were objective 8, the magnification mentioned is that on the screen of the computer 
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during making the ceramographs). And the complete surface of a sample was mapped with 

typically 65-70 photos. The brown/yellow color that can be observed on the ceramographs is not 

the actual color of the fuel, but is due to a slight radiation induced discoloring of the lenses, 

possibly combined with the color settings of the camera. The lights used to light the hot cells are 

yellow, but the light, which is used by the microscope is white, so this is not the cause of the 

yellow color on the pictures. The width of the photos depends as follows on the objective used: 

Objective 3.2 Width is 3.04 mm 

Objective 8  Width is 1220 m  

Objective 16 Width is 610 m 

Objective 32 Width is 305 m 

After performing optical microscopy of the as-polished samples, the samples were etched 

in order to study the grain boundary structure. This grain boundary etching was done with two 

different techniques. 

During the initial phase of the PIE, grain boundary etching was done by dripping a small 

quantity of acid on the polished sample. After a few seconds to minutes the acid is removed. The 

acids used were a mixture of H2SO4 and H2O2 (5:1) or only H2O2. The H2SO4 and H2O2 (5:1) 

mixture is more aggressive than the pure H2O2. This grain boundary etching technique was 

employed since it had also been used successfully in previous projects by NRG. However, for 

the present samples of the FUJI project the grain boundary etching using acids appeared not to 

work very well for all samples, despite various modifications in the acid composition and in the 

etching periods. It appeared that for some samples the etching rate of the grains was similar to 

that of the grain boundaries, thereby causing the etching not to be efficient. From the etched 

samples shown in the present report only I12U was etched chemically using a mixture of H2SO4 

and H2O2 (5:1). 

Since grain boundary etching using acids did not work very well for the FUJI samples, 

ionic etching was tried, which appeared to work very successfully. This equipment is shown in 

Figure 5.2-21. In this technique, Ar
+
-ions are created by a discharge between two flat plates. The 

cathode is a perforated plate and the sample has been situated under the cathode. The Ar
+
-ions 

were acceralated with 5kV and the sample was spattered with 2mA for 30 minutes. When the 

etching progressed sufficiently the etching was stopped, otherwise the etching was restarted. 

Before and after the ion etching no chemical treatment was done to the sample. No chemical 

treatment was required since the ion-etching machine itself acted as a cleaning device to the 

sample. In some other applications (non-FUJI) the ion-etching device was used solely for 

cleaning samples. 
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Figure 5.2-21  The Ar
+
-ion etching equipment 

 

For most of the etched samples two or three radial scans were made with a magnification of 

350:1 (the settings of the microscope were objective 16, the magnification mentioned is that on 

the screen of the computer during making the ceramographs). This yielded typically 10 photos 

per complete radial scan. 

 

5.2.9  EPMA 

The EPMA measurements were done with EPMA equipment: CAMECA MS46. This 

equipment has four detectors that can operate simultaneously. The measurements were 

performed with an acceleration voltage of 25 kV, except for oxygen, which is measured at 10 kV. 

The current was 100 nA for almost all measurements. 

Table 5.2-9 shows the elements measured and additional data for these measurements. 

Attempts were made to measure Americium, but this element could not be detected in the 

present FUJI samples. 
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Table 5.2-9  The elements and additional data for the EPMA measurements 

Element Line Crystal Standard 

U M  PET R12L-low power region 

Pu M  Quartz R12L-low power region 

Np L /M  LIF/Quartz R12L-low power region 

Am L /M  LIF/Quartz - 

Fe K  LIF Pure Fe metal 

Ni K  LIF Pure Ni metal 

Cr K  LIF Pure Cr metal 

O K  NiC  multi-layer crystal R12L-low power region 

 

 

The standard R12L is a coarse Np-MOX particle from the bottom of R12L segment 

irradiated in the restructuring #1 test. The power in this section was sufficiently low such that no 

restructuring of the fuel took place and therefore no redistribution of the elements over the 

sample was expected. According to the characterization of fabricated particles as shown in Table 

3.2-14, this particle consists of 22.0±1.27 wt% Pu, 72.9±1.47 wt% U and 5.1±0.4 wt% Np. 

Three types of measurements were performed. A relative line scan was made to measure Pu 

and U redistribution. Using a spot of 1 m measurements have been performed along a line. The 

step size can be varied and adjusted to have about 50 positions along a line. The background 

signal was determined from the so-called F- and F+ signals at either wave length side of the 

measurement peak. 

An absolute point measurement was performed to analyze compositions of oxide fuel 

matrix and metallic precipitation quantitatively. The measurement results have been corrected 

for the background signal, the ZAF correction procedure and the measurements on the standards 

mentioned in Table 5.2-9. The oxygen concentration was assumed to be 66.66 at%. 

An X-ray mapping was performed mainly on the metallic precipitations to determine those 

distributions. Mappings of all elements were made on Polaroid film in areas of 350 * 350 m. It 

should be understood that the mappings also show some background signal and therefore not all 

points shown on the mappings are actually due to the presence of the specific isotope. The 

microstructures of those areas were also taken with an absorbed electron image on Polaroid film. 

During the EPMA measurements on the R22U sample, it was noticed that the measurement 

was affected with the noise of gamma-rays from the sample according to the comparison 

between R22U and the standard R12L. Therefore the thickness is reduced from 5 mm (original 

ceramography samples) to about 1.7 mm for the later samples (R21U, R21L and R22L). 
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5.3  Results 

5.3.1  Neutron Radiography 

Neutron radiography had been done before and after the irradiation. Typical neutron 

radiograph before the irradiation is shown in Figure 5.3-1. No displacements of fuel and pin 

components were found. At the sphere-pac fuel stack ends close to the connection end plugs, 

intermixing of the fuel particles and thermal insulator particles was observed. This intermixing 

could not be found in a vipac fuel due to the presence of the fuel seal disk. 

 

Figure 5.3-1  Neutron radiograph photo before the IST irradiation 

 

 

Figure 5.3-2  Neutron radiograph photo after the IST irradiation 
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The neutron radiograph photos after the irradiations indicate structural changes of the fuel 

as shown in Figure 5.3-2. Central holes could be observed in each fuel segments except for I11U, 

and transverse cracks could be observed in sphere-pac and vipac segments.  

Figure 5.3-3 shows the tendency of the structural change of pellet fuel according to the 

irradiation time. No central hole of the pellet segment could be observed after 36 hours of 

irradiation. But it was observed after 84 hours irradiation and did not widely extended between 

84 hours irradiation and 132 hours of irradiation. 

 

Figure 5.3-3  Neutron radiograph photos of pellet fuel 

 

 

Figure 5.3-4 shows the structural changes of sphere-pac fuel at the bottom of upper 

segments. Central holes could be observed after 36 hours irradiation, enlarged between 36 and 

84 hours irradiation and was not strongly changed between 84 and 132 hours irradiation. The 

central hole extension also showed the same manner, extended between 36 and 84 hours and not 

strongly changed between 84 and 132 hours as shown in Figure 5.3-5. 

 

Figure 5.3-4  Neutron radiograph photos of sphere-pac fuel 
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Figure 5.3-5  Central holes extensions of sphere-pac fuel 

 

Figure 5.3-6 shows the structural changes of vipac fuel. A central hole existed already after 

36 hours of irradiation and did not increase its diameter significantly between 36 and 132 hours 

of irradiation, except at the very top of the fuel column. But the central hole was extended 

towards the lower part of the fuel column as shown in Figure 5.3-7. 

 

Figure 5.3-6  Neutron radiograph photos of vipac fuel 

 

 

Figure 5.3-7  Central holes extensions of vipac fuel 

 

A comparison of neutron radiographs of R11L and R12L shows no significant difference of 

the restructuring of Np-MOX sphere-pac fuel and MOX sphere-pac fuel as shown in Figure 

5.3-8. The central hole extension was almost equal to both fuel, and the width of central hole is 

slightly larger in Np-MOX sphere-pac fuel than in MOX sphere-pac fuel. 
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Figure 5.3-8  Comparison of neutron radiographs between Np-MOX and MOX sphere-pac fuel 

 

Neutron radiographs were also taken at the middle of the PTM irradiation. They show a 

clear enlargement of the central hole due to fuel melting. Figure 5.3-9 ~ 5.3-12 show the 

structural changes of P12U MOX sphere-pac fuel, P12L Np-MOX sphere-pac fuel, P11H MOX 

pellet fuel and P11L MOX pellet fuel, respectively. The radiographs can be used for the 

discussion on the starting position of fuel melting. 

 

 

Figure 5.3-9  Structural change of P12U MOX sphere-pac fuel 

 

 

 

Figure 5.3-10  Structural change of P12L Np-MOX sphere-pac fuel 

 

 

 

Figure 5.3-11  Structural change of P11H MOX pellet fuel 
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Figure 5.3-12  Structural change of P11L MOX pellet fuel 

 

5.3.2  Gamma Scanning 

(1) 99mTc 

Gamma scanning of 
99m

Tc could only be performed on IST RT1 and PTM samples. In RT2, 

the signal could not be distinguished from the background because of the short half life of 
99m

Tc 

(0.25 days) and its parent nuclide, 
99

Mo half life (2.78 days). Results are shown in Figures 

5.3-13 ~ 5.3-18. 

In the IST irradiation, the axial profile of 
99m

Tc was less steep than the reference curve of 
95

Zr, which can be considered the least mobile element and is reflecting the axial power profile. 

This difference is probably attributed to the radial movement of 
99m

Tc toward the central hole, 

since concentration at the middle of fuel emphasizes the self shielding of gamma ray. The 
99m

Tc 

profile at SPFR11 has strange structure. It is basically similar to the 
95

Zr profile, but had some 

peaks at the top of R11L segment. Since 
99m

Tc is a daughter of 
99

Mo, it can also be created by 

activation of the Mo shroud. Therefore it is supposed that the grooves on the Mo should at -100 

mm and -175 mm are the reason for this peak structure. The 
99m

Tc profile in SPFR12, SPFP11 

and SPFP12 are largely scattered probably due to the noise from background. 
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Figure 5.3-13  Gamma scan results of 
99m

Tc (SPF-I11) 

 

 

 

Figure 5.3-14  Gamma scan results of 
99m

Tc (SPF-I12) 
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Figure 5.3-15  Gamma scan results of 
99m

Tc (SPF-R11) 

 

 

 

Figure 5.3-16  Gamma scan results of 
99m

Tc (SPF-R12) 
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Figure 5.3-17  Gamma scan results of 
99m

Tc (SP-FP11) 

 

 

 

Figure 5.3-18  Gamma scan results of 
99m

Tc (SPF-P12) 
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(2) 99Mo 

Similar to 
99m

Tc, the profile of 
99

Mo is slightly less steep than the profile of 
95

Zr in the IST 

samples, and it is almost equal to the 
95

Zr profile in SPFR11. The results for SPFR12, SPFR21 

and SPFR22 show large deviations probably due to the background noise. Results are shown in 

Figures 5.3-19 ~ 5.3-24. 

 

Figure 5.3-19  Gamma scan results of 
99

Mo (SPF-I11) 
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Figure 5.3-20  Gamma scan results of 
99

Mo (SPF-I12) 

 

 

 

Figure 5.3-21  Gamma scan results of 
99

Mo (SPF-R11) 
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Figure 5.3-22  Gamma scan results of 
99

Mo (SPF-R12) 

 

 

 

Figure 5.3-23  Gamma scan results of 
99

Mo (SPF-R21) 
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Figure 5.3-24  Gamma scan results of 
99

Mo (SPF-R22) 

 

(3) 141Ce 

Ce is one of the lanthanide elements and considered as immobile element. But profiles of 
141

Ce had a different structure from 
95

Zr. Results are shown in Figures 5.3-25 ~ 5.3-33 Profiles 

of 
141

Ce are generally steeper than those of 
95

Zr. This is probably due to the movement of Ce 

towards the cladding. As shown in Figure 5.3-30, counts of 
141

Ce were different at the same 

power compared to 
95

Zr. This suggests that the movement of Ce was not only sensitive to the 

power but also to the cladding temperature. The 
141

Ce profile for P12U segment is rather straight 

forward, and suggests that most of Ce was already moved to the region close to the cladding as 

shown in Figure 5.3-32. 
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Figure 5.3-25  Gamma scan results of 
141

Ce (SPF-I11) 

 

 

 

 

Figure 5-3.26  Gamma scan results of 
141

Ce (SPF-I12) 
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Figure 5-3.27  Gamma scan results of 
141

Ce (SPF-R11) 

 

 

 

Figure 5-3.28  Gamma scan results of 
141

Ce (SPF-R12) 
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Figure 5-3.29  Gamma scan results of 
141

Ce (SPF-R21) 

 

 

 

Figure 5-3.30  Gamma scan results of 
141

Ce (SPF-R22) 
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Figure 5-3.31  Gamma scan results of 
141

Ce (SPF-P11) 

 

 

 

Figure 5-3.32 Gamma scan results of 
141

Ce (SPF-P12) 
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(4) 132Te 

Gamma scan results of 
132

Te are shown in Figures 5.3-33 ~ 5.3-41. The 
132

Te profiles are 

generally steeper than those of 
95

Zr. This is probably due to the movement of Te towards the 

cladding at high power positions. Their profiles in PTM samples seem to have a large deviation 

due to the noise from background. In a pellet segment, the Te concentration at the pellet-pellet 

interface could be seen as shown in Figure 5.3-41. 

 

 

Figure 5.3-33  Gamma scan results of 
132

Te (SPF-I11) 
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Figure 5.3-34  Gamma scan results of 
132

Te (SPF-I12) 

 

 

 

Figure 5.3-35  Gamma scan results of 
132

Te (SPF-R11) 
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Figure 5.3-36  Gamma scan results of 
132

Te (SPF-R12) 

 

 

Figure 5.3-37  Gamma scan results of 
132

Te (SPF-R21) 



ＪＮＣ ＴＹ８４００ ２００５‐００６

 ｜ 249 ｜

 

Figure 5.3-38  Gamma scan results of 
132

Te (SPF-R22) 

 

 

 

Figure 5.3-39  Gamma scan results of 
132

Te (SPF-P11) 
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Figure 5.3-40  Gamma scan results of 
132

Te (SPF-P12) 
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Figure 5.3-41  Detail of gamma scan results of 
132

Te (I11U) 
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(5) 131I 

Gamma scan results of 
131

I are shown in Figures 5.3-42 ~ 5.3-49. The
 131

I profiles show its 

axial movement towards transverse cracks or the fuel-insulator boundary, except for the IST 

samples. Since the IST irradiation was immediately finished after reaching the maximum power, 

the irradiation period seems to be too short to achieve significant axial movement of iodine.  

 

 

Figure 5.3-42  Gamma scan results of 
131

I (SPF-I11) 
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Figure 5.3-43  Gamma scan results of 
131

I (SPF-I12) 

 

 

Figure 5.3-44  Gamma scan results of 
131

I (SPF-R11) 
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Figure 5.3-45  Gamma scan results of 
131

I (SPF-R12) 

 

 

Figure 5.3-46  Gamma scan results of 
131

I (SPF-R21) 
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Figure 5.3-47  Gamma scan results of 
131

I (SPF-R22) 

 

 

Figure 5.3-48  Gamma scan results of 
131

I (SPF-P11) 
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Figure 5.3-49  Gamma scan results of 
131

I (SPF-P12) 

 

 

(6) 103Ru and 106Ru 

Gamma scan results of 
103

Ru and 
106

Ru (only in RT2 and PTM fuel pins) are shown in 

Figures 5.3-50 ~ 5.3-57. The
 103

Ru profiles in SPFI11, SPFI12 and SPFR11 are almost equal to 

the profile of 
95

Zr. In the R12L segment, 
103

Ru showed a peak at the middle of the fuel stack as 

shown in Figure 5-3.53. This position could not be related to a transverse crack. In the second 

half of experiments (RT2 and PTM), other peaks for 
103

Ru and a peak for 
106

Ru were also 

scanned. Some peaks at the transverse cracks could be observed in the second half of the 

irradiation, but no peak similar to R12L could be observed. As shown in Figure 5-3.57, the 

profile of 
106

Ru showed a somewhat different structure than 
103

Ru. Since the scanned gamma 

energy, 512keV shows also intensities of various elements and its structure has significant value 

at the position of connector end plug, 
106

Ru measurement seems to be affected by another 

element. 
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Figure 5-3.50  Gamma scan results of 
103

Ru (SPF-I11) 

 

 

 

Figure 5.3-51  Gamma scan results of 
103

Ru (SPF-I12) 
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Figure 5.3-52  Gamma scan results of 
103

Ru (SPF-R11) 

 

 

 

Figure 5.3-53  Gamma scan results of 
103

Ru (SPF-R12) 



ＪＮＣ ＴＹ８４００ ２００５‐００６

｜ 258 ｜

 

Figure 5.3-54  Gamma scan results of Ru (SPF-R21) 

 

 

 

Figure 5.3-55  Gamma scan results of Ru (SPF-R22) 
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Figure 5.3-56  Gamma scan results of Ru (SPF-P11) 

 

 

 

Figure 5.3-57  Gamma scan results of Ru (SPF-P12) 
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(7) 140La and 140Ba 

Gamma scan results of 
140

La and 
140

Ba (only in RT2 and PTM fuel pins) are shown in 

Figures 5.3-58 ~ 5.3-65. La is also a lanthanide element and considered as immobile. In the IST, 

the 
140

La profile was similar to the 
95

Zr profile. But in the RT1, the 
140

La profile had a large peak 

at the bottom of central hole in R12L segment. For further investigation, the other peaks for 
140

La and one peak for 
140

Ba were scanned as well in the second half of experiments (RT2 and 

PTM). Those peaks showed clearly element movements towards transverse cracks or towards 

the bottom end of the central hole. 

 

Figure 5.3-58  Gamma scan results of 
140

La (SPF-I11) 
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Figure 5.3-59  Gamma scan results of 

140
La (SPF-I12) 

 

 

 

Figure 5.3-60  Gamma scan results of 
140

La (SPF-R11) 
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Figure 5.3-61  Gamma scan results of 
140

La (SPF-R12) 

 

 

 

Figure 5.3-62  Gamma scan results of 
140

La and 
140

Ba (SPF-R21) 
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Figure 5.3-63  Gamma scan results of 
140

La and 
140

Ba (SPF-R22) 

 

 

 

Figure 5.3-64  Gamma scan results of 
140

La and 
140

Ba (SPF-P11) 
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Figure 5.3-65  Gamma scan results of 
140

La and 
140

Ba (SPF-P12) 

 

(8) 137Cs 
137

Cs was only scanned in the PTM test. Results are shown in Figures 5.3-66 and 5.3-67. 

Because of its small intensity, the measured profile shows large scatter. But in case of sphere-pac 

fuel, some axial movement towards transverse cracks were observed as shown in Figure 5-3-67. 

 

Figure 5.3-66  Gamma scan results of 
137

Cs (SPF-P11) 
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Figure 5.3-67  Gamma scan results of 
137

Cs (SPF-P12) 

(9) 51Cr 
51

Cr is an activated element of structural material. An example of a profile scanned on fuel 

and on an inner containment is shown in Figure 5.3-68. This profile reflects the axial thermal 

flux profile and the presence of structural materials such as end plugs and plenum sleeves. 

 

Figure 5.3-68  Gamma scan result of 
51

Cr (SPF-R21) 
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(10) 95Zr, 95Nb and activated elements of outer containment scan 

Among the scanned elements, 
95

Zr and its daughter 
95

Nb seem to be the least mobile 

elements, because of its axial profile. Figure 5.3-69 shows an example of those profiles 

compared to the activated elements of the outer containment. The profiles agree quite well. 

Among the activated elements of the outer containment, 
51

Cr, 
59

Fe and 
60

Co are sensitive to the 

thermal neutrons, and 
51

Co 
54

Mn are sensitive to the fast neutrons. These elements have a similar 

profile at the fuel regions. 

 

 

Figure 5.3-69  Gamma scan results of 
95

Zr, 
95

Nb and activated elements in an outer containment scan 

(SPF-R12) 
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5.3.3  Visual Inspection 

Visual inspection was performed on all fuel segments. It only shows white material of 

sodium oxide on the surface and scratches from dismantling. No structural changes due to the 

irradiations could be found. An example of the photo taken on the surface of the R11L cladding 

is shown in Figure 5-3.70. Plenty of electronical photos are available as a result of visual 

inspection. 

 

Figure 5.3-70  Photo on the surface of the R11L cladding at 121.3 mm 

 

5.3.4  Profilometry 

No influence of the presence of fuel on the diameter could be observed except for the 

segments P12U and P12L. Figure 5.3-71 shows the diametral change in the cladding of P12U 

MOX sphere-pac segment. This change could also be observed in the ovality measurement as 

shown in Figure 5.3-72. There is a big diametral change at the welding at the bottom end of the 

segment close to the origin. It can be also seen on the measurement of the other sample holders. 

At the middle part and top part of the fuel stack, oval deformations of the cladding less than 20 

m in diameter (~0.3%) could be observed. The top part of the fuel stack of P12L also shows 

oval deformations up to 24 m (~0.3%) as shown in Figures 5.3-73 and 5.3-74. 
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Figure 5.3-71  Measured diameter of P12U segment 

 

 

 

 

Figure 5.3-72  Result of ovality measurement on P12U segment 
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Figure 5.3-73  Measured diameter of P12L segment 

 

 

 

 

Figure 5.3-74  Result of ovality measurement on P12L segment 
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5.3.5  Neutron Metrology 

The thermal and fast fluence values derived at the position of the monitor sets and 

calculated with the code VILLA are given in Table 5.3-1 and 5.3-2 for the IST and RT1 tests 

respectively. Figures 5.3-75 and 5.3-76 show the thermal and fast neutron fluence distributions 

in the IST and RT1 irradiations respectively. The fluence distributions shown in the figures are 

for the monitor positions coded with “N” only, and are determined with the reaction 
59

Co(n, ) 

for thermal neutrons and with the reaction 
54

Fe(n,p) for fast neutrons. 

 

Table 5.3-1  Fluence values measured in the IST 

Thermal fluence 

(10
22

 m
-2

) 

Fast fluence 

(10
22

 m
-2

) 

Distance 

(mm) from 

CL core for: 59
Co(n, )

60
Co 

58
Fe(n, )

59
Fe

93
Nb(n, )

94
Nb

54
Fe(n,p)

54
Mn 

46
Ti(n,p)

46
Sc

I11 I12 I11 I12 I11 I12 I11 I12 I11 I12 I11 I12 

 125  3.04  3.01  4.07  2.81  2.99

0  3.48  3.55  4.83  3.11  3.23  

0  2.80  2.74  3.90  3.23  3.37  

0  3.18  3.30  4.42  2.81  2.96  

 0  3.59  3.62  4.81  3.50  3.67

 0  3.22  3.19  4.28  2.91  2.98

 0  3.12  3.08  4.19  3.45  3.51

-100  3.32  3.23  4.40  3.13  3.34  

-100  2.70  2.65  3.58  3.11  3.21  

-100  3.04  2.99  3.86  2.86  2.93  

 -100  3.44  3.39  4.59  3.29  3.43

 -100  3.11  3.08  3.90  2.77  3.01

 -100  2.94  2.80  4.03  3.38  3.46

-175  2.86  2.71  3.83  2.76  2.93  

 -225  2.35  2.26  3.11  2.28  2.37

-250  1.95  1.84  2.44  1.91  2.06  

 

 

Because of the very low activation of the thermal and fast reactions with niobium that 

results in long counting times and relative large uncertainties, only the thermal reaction 
93

Nb(n, )
94

Nb from the IST was measured. The other activity measurements on the niobium 

monitors from the RT1 were cancelled. 
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Table 5.3-2  Fluence values measured in the RT1 

Thermal fluence 

(10
22

 m
-2

) 

Fast fluence 

(10
22

 m
-2

) 

Distance 

(mm) from 

CL core for: 59
Co(n, )

60
Co

58
Fe(n, )

59
Fe

54
Fe(n,p)

54
Mn

46
Ti(n,p)

46
Sc

 

R11 R12 R11 R12 R11 R12 R11 R12 R11 R12 

 125  9.89  9.71  9.51  9.60 

0  11.3  11.2  10.1  10.3  

0  9.31  9.41  9.35  9.61  

0  10.4  10.3  9.36  9.43  

 0  11.9  11.3  11.5  12.0 

 0  10.3  9.90  10.3  10.3 

 0  10.0  9.41  9.56  9.96 

-100  n.a.  10.2  9.97  10.9  

-100  9.17  8.80  9.19  9.56  

-100  9.92  9.58  9.30  9.58  

 -100  11.5  10.9  11.8  11.7 

 -100  11.0  10.7  9.80  10.0 

 -100  10.5  10.3  9.74  9.92 

-175  9.44  9.07  9.09  9.56  

 -225  8.23  7.71  8.26  8.52 

-250  6.76  6.27  6.29  6.41  
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Figure 5.3-75  Thermal (
59

Co(n, )) and fast (
54

Fe(n,p)) fluence distributions in position “N” of the IST 
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Figure 5.3-76  Thermal (
59

Co(n, )) and fast (
54

Fe(n,p)) fluence distributions in position “N” of the RT1 

Thermal fluence (Co) in FUJI-3/4 in position "N"
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The neutron fluence values presented in the Tables 5.3-1 and 5.3-2 are obtained with the 

program VILLA as part of the metrology software system NEMO. With the measurement reaction 

rates of the activation reactions 
59

Co(n, ), 
93

Nb(n, ), 
58

Fe(n, )
59

Fe, 
54

Fe(n,p), and 
46

Ti(n,p)
46

Sc at 

the location of each monitor set, ratios of the mutual reaction rates induced by thermal and fast 

neutrons, (spectrum indices), are calculated as a check on the numerical results. Spectrum indices 

are very useful to check the quality and reliability of the measured reaction rate data from the 

different activation materials. The spectrum index value in the most right column of Table 5.3-3, 

calculated from the activation reactions 
59

Co(n, ) and 
54

Fe(n,p), gives a rather good measure for 

the ratio of thermal and fast neutrons. 

In general, the thermal and fast spectrum indices in Tables 5.3-3 and 5.3-4 show small relative 

standard deviations for all the reactions involved. Discrepancies in the reaction rates could not be 

observed.  

Table 5.3-3  Thermal and fast spectrum indices measured in the IST 

Thermal Fast Thermal/fastDistance from CL 

core (mm) for: Co/Fe Co/Nb Nb/Fe Fe/Ti Co/Fe 

SPF- SPF- SPF- SPF- SPF- SPF- 

I11 I12 I11 I12 I11 I12 I11 I12 I11 I12 I11 I12 

 125 28.5  23.3  1.22  6.67  509  

0  29.6  23.2  1.28  6.63  395  

0  28.0  23.3  1.20  6.56  516  

0  29.8  24.4  1.22  6.49  483  

 0 29.6  24.4  1.21  6.71  395  

 0 29.6  25.5  1.16  6.74  485  

 0 30.6  24.2  1.27  6.53  471  

-100  30.8  25.8  1.19  6.41  466  

-100   29.3  24.1  1.22  6.52  492

-100   28.8  24.1  1.19  6.60  467

 -100  29.3  24.3  1.21  6.75  504

 -100  29.4  24.1  1.22  6.82  411 

 -100  29.5  24.2  1.22  6.64  476

-175   29.3  25.8  1.14  6.35  512

 -225  30.6  23.6  1.29  6.77  397

-250   30.2  24.4  1.24  6.64  470

Average 29.6 29.5 24.3 24.3 1.22 1.21 6.59 6.64 464.9 466.0

St.dev.(%) 3.2 1.9 4.2 2.6 3.2 3.6 1.7 2.3 10.0 8.9 
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Table 5.3-4  Thermal and fast spectrum indices measured in the RT1 

Thermal Fast Thermal/fast Distance from CL 

core (mm) for: Co/Fe Fe/Ti Co/Fe 

SPF-R11 SPF-R12 SPF-R11 SPF-R12 SPF-R11 SPF-R12 SPF-R11 SPF-R12 

 125 29.3  6.74  509  

0  28.7  6.73  453  

0  29.4  6.87  504  

0  n.a.  6.36    

 0 30.2  6.65  454  

 0 30.1  6.72  485  

 0 30.2  6.58  473  

-100  31.3  6.78  489  

-100   29.6  6.86  473 

-100   30.4  6.66  469 

 -100  30.5  6.98  457 

 -100  31.0  6.65  478 

 -100  30.8  6.99  444 

-175   29.6  6.77  509 

-225   29.6  6.80  489 

    31.0  6.72  453 

Average 29.9 30.3 6.68 6.80 481 471 

St.dev.(%) 2.8 2.1 2.3 2.0 4.6 4.4 
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5.3.6  Puncturing 

Only a small amount of the fission gases are detected in the puncturing. Table 5.3-5 shows 

the mass spectrometry result of P11L. Isotopic compositions of fission gas elements are shown 

in Table 5.3-6. The existence of oxygen can be attributed to the remaining air in the puncturing 

unit according to the measurement of a standard. Nitrogen can be attributed to both the air 

contamination and the impurity or absorbed gas during the fuel fabrication. This result shows 

that the thermal conductivity of the gas in the cladding was almost equal to that of helium. 

 

Table 5.3-5  Mass spectrometry of puncture gas from P11L 

Molecule He N2 O2 Ar CO2 Kr Xe 

S1(vol%) 96.8 2.5 0.1 0.01 0.01 0.02 0.6 

S2(vol%) 96.6 2.8 0.1 - 0.03 0.06 0.5 

 

Table 5.3-6  Isotopic composition of fission gas elements from P11L 

Isotope 
83

Kr 
84

Kr 
85

Kr 
86

Kr 
131

Xe 
132

Xe 
134

Xe 
136

Xe 

S1(vol%) 20.7 28.7 6.9 43.7 12.8 26.7 26.2 34.2 

S2(vol%) 19.0 31.2 6.3 43.4 12.9 26.9 26.4 33.8 

 



ＪＮＣ ＴＹ８４００ ２００５‐００６

 ｜ 277 ｜

5.3.7  Ceramography 

Ceramography samples were taken from all segments except for I11U. Sampling positions 

are listed in Table 5.3-7 together with irradiation conditions. 

 

Table 5.3-7  Positions and irradiation conditions of ceramography samples 

Sample Position (mm 

from pin center) 

LHR (W/cm) Cladding 

Temperature (C) 

Steady state 

irradiation time 

(hours) 

I11U no ceramography     

I12U  28.6 648 457 0 

I12d 138.7 487 420 0 

I11L 87.2 541 427 0 

R12L 95 502 447 48 

R12U 93.1 512 470 48 

R11U 70.3 575 419 48 

R11L 89.7 516 439 48 

R21U 47.5 586 424 96 

R21L 100.5 516 412 96 

R22U 142.5 521 454 96 

R22d 115.5 502 432 96 
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Figure 5.3-77 shows a ceramography photo of I12U MOX sphere-pac fuel, which was 

irradiated up to 648 W/cm. Drastic structural change already occurred without a steady state 

irradiation at this high power. No fuel melting was observed as no pore-free region exists. Many 

lenticular voids can be seen, and it suggests that the fuel restructuring is ongoing. Because of the 

metallic impurity due to the fuel fabrication, metallic precipitates can be seen around the coarse 

spheres next to the cladding. They seem to have been stopped by cold spheres close to the 

cladding, and no reaction with the cladding can be found. 

 

 

Figure 5.3-77  Ceramography photo of I12U 
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Figure 5.3-78 shows a ceramography photo of I12d MOX vipac fuel, which was irradiated 

up to 487 W/cm. The beginning of the restructuring can be seen. The presence of a central hole 

is unclear, but lenticular voids at the left hand side of the photo suggest that pore migration 

already started at this power level. The fuel at right hand side of this photo kept as fabricated 

structure. It suggests that the power generation in the small particles was too small to create the 

temperature gradient for the pore migration. 

 

 

Figure 5.3-78  Ceramography photo of I12d 
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Figure 5.3-79 shows a ceramography photo of R11U MOX pellet fuel, which was irradiated 

up to 575 W/cm. The central hole diameter of this pellet fuel is smaller than those of sphere-pac 

fuels irradiated simultaneously. A similar size of the central hole was observed in the sample 

taken from R21U. 

 

 

Figure 5.3-79  Ceramography photo of R11U 
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Figure 5.3-80 shows ceramography photos of I11L, R11L R12U and R22U. A comparison 

of these pictures is informative to analyze the progress of restructuring early in life. The fuel 

structure strongly changed between 0 and 48 hours of steady state irradiation. The formation of 

central void is almost completed after 48 hours of steady state irradiation. According to the 

comparison of irradiation conditions of R11L, R12U and R22U, the extension of solid sintered 

body is almost completed after 48 hours as well. The cladding temperature of R22U was 

between those of R11L and R12U, and the local power for R22U was higher than for R11L and 

R12U. It suggests that the relative small extension of the solid sintered body in R11L is due to 

low local power and low cladding temperature. 

 

 

 

Figure 5.3-80  Comparison of ceramography photos according to the irradiation time 
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 Figure 5.3-81 shows the ceramography photos of R11L and R12L. This picture shows the 

difference of fuel behavior due to the Np content. The central hole of R12L is slightly larger 

than for R11L. On the other hand, the as-fabricated particle structure remains almost at the same 

thickness. This result suggests that the thermal conductivity of Np-MOX fuel is lower than that 

of MOX fuel. But the thermal conductivity of the as-fabricated region is similar. One of the 

reasons of this similarity is the higher density of Np-MOX spheres, which increases the thermal 

conductivity. 

 

 

 

Figure 5.3-81  Comparison of ceramography photos according to the content of Np 
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Figure 5.3-82 shows the ceramography photos of R21L, R22U and R22d. Generally these 

fuels have similar structure. Due to the low fuel density of R21L, the central hole of R21L is 

larger than for R22U and R22d. The central hole of R22U is slightly larger than that of R22d 

probably due to the higher local power and higher cladding temperature. 

 

 

Figure 5.3-82  Comparison of ceramography photos according to the fuel density 

 



ＪＮＣ ＴＹ８４００ ２００５‐００６

｜ 284 ｜

Figure 5.3-83 shows the ceramography photos of P11U and P12L. Ceramography photos 

clearly show the strange shape of the central hole and the plugging of the central hole due to fuel 

melting. According to the peak power of these positions, the power-to-melt in the pellet fuel was 

preliminarily estimated to about 730 W/cm, and that in the sphere-pac fuel was about 600 W/cm. 

 

 

Figure 5.3-83  As polished ceramography photos of P11H and P12L 
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Figure 5.3-84 shows the ceramography photos of RT1 segments after etching. Grain growth 

started at the middle of coarse spheres next to the cladding in case of sphere-pac fuel. Grain size 

of pellet fuel at the same position is smaller than in sphere-pac fuel. The elongated grain regions 

start at almost the same position where the particle fuel structure disappears. 

 

 

Figure 5.3-84  Etched ceramography photos of the RT1 segments 
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5.3.8  EPMA 

A relative line scan along a radial direction of a sphere-pac fuel showed the migration of Pu 

towards the central hole. Figure 5.3-85 shows some line scans of Pu on the sample taken from 

R22U. Only the region of 500 m from the central hole showed the rapid increase of Pu content. 

At the same position the U content was decreased as shown in Figure 5.3-86. An absolute point 

measurement also showing the enrichment of Pu at the edge of the central hole is shown in 

Figure 5.3-87. 

 

Figure 5.3-85  Relative line scan of Pu in R22U 
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Figure 5.3-86  Relative line scan of U in R22U 

Radial scans, R22U-10 is made at the 180 degrees opposite side from the other scans
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Figure 5.3-87  Quantitative measurements of Pu and U in R22U 

 

Line scans of the Pu in R21L showed a local dip around 1300 m from the edge of the 

central hole (see Figure 5.3-88). At the same position, the U concentration showed a peak. A 

quantitative measurement at the location showed the presence of 4.47 at% Pu, 28.7 at% U and 

66.79 at% O. As shown in the alpha autoradiograph of R22U (Figure 5.3-89), this U-rich region 

seems to be related to the restructured region where fine spheres were present. 
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Figure 5.3-88  Relative line scans of Pu and U in R21L 
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Figure 5.3-89  A micro photo of the alpha autoradiograph of R22U 

 

Figure 5.3-90 shows the element mappings at a position where metallic precipitates are 

found in R22U. It shows that the metallic precipitates are a Fe-Ni compound. A quantitative 

measurement of the metallic precipitation showed the presence of 77.0 at% Fe and 22.5 Ni at 

this position. Cr was detected separately as an oxide with small amounts of Fe. It can be seen in 

the ceramography with the same color as the fuel matrix. 

 

Figure 5.3-90  Mappings of the elements around metallic precipitates 
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5.4  Conclusions 

Post irradiation examinations of FUJI samples have been performed successfully.  

Neutron radiographs and ceramographs showed clear changes of the fuel structures early in 

life. Fuel restructuring of sphere-pac fuel was almost completed within 48 hours of steady state 

irradiation. Np-MOX sphere-pac fuel showed the fuel behavior similar to the MOX sphere-pac 

fuel. The power-to-melt linear heat rate was estimated preliminarily as 600 W/cm for the 

sphere-pac fuel and as 730 W/cm for the pellet fuel. 

Gamma scan results showed migration of fission products already early in life. Tc and Mo 

showed migration towards the fuel center. On the other hand, Te and Ce moved towards the fuel 

rim. I and Ru showed the axial movement towards the transverse cracks. Ba and La seems to 

move to the bottom of the central hole.  

Visual inspection showed no change at the cladding surface due to irradiation. Profilometry 

showed small diametral changes only in the PTM sphere-pac segments. Puncturing showed that 

only small (absolute) amounts of fission gas or impurity gas are released from the fuel to the 

plenum gas.  

EPMA results showed Pu migration towards the fuel center and revealed the composition 

of metallic precipitates. Metallic impurities introduced during fuel fabrication precipitated as 

Fe-Ni alloy and Cr-Fe oxide. 
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6  CONCLUSIONS 
 

(1) Comparative irradiation tests of sphere pac fuel (SPF) with pellet type fuel (PF), and vipac 

fuel (VPF) in the High Flux Reactor (HFR) were performed.  

(2) 5%Np-MOX fuel spheres fabrication by internal gelation process was successfully attained 

and all the irradiation test segments were fabricated at PSI as specified.  

(3) All the irradiation tests in HFR were successfully completed without any failure or damage 

in the test segments. Post irradiation examinations were performed at NRG except for the 

burn-up analysis at PSI. 

(4) As a result of the irradiation tests of SPF with other two types of fuel in HFR, the following 

can be concluded. 

1) The restructuring of SPF in the early beginning of irradiation was very rapid as well as the 

formation of central voids. It suggests the low thermal conductivity of packing fuels is 

quickly improved in the early begging of irradiation.  

2) The PTM tests showed 600 W/cm and 730 W/cm PTM-LHR for SPF and PF, respectively.  

3) Concerning the influence of 5%Np addition into MOX-SPF on the irradiation 

performance, i.e. PTM-LHR, further analysis is necessary but the result suggests the 

difference is within an uncertainty of the power. 

4) The aim to simulate fast reactor condition in a thermal reactor from the view point of fuel 

thermal behavior was successfully attained by the combination of higher LHR and lower 

cladding surface temperature compared to the fast experimental reactor “JOYO”. 

(5) In the initial two irradiation tests, thermocouples for cooling water outlet temperatures and 

molybdenum shroud temperatures suddenly showed stepwise changes and it affected power 

estimation. Assuming the cause was film boiling in the coolant channels and the contact 

with the inner wall of the rig, which was induced by bowing of the sample holders, 

improvements of the sample holders was done. As a result, re-occurrence of the 

phenomenon could be successfully prevented. 

(6) SPF performance models developed in PSI such as SPHERE, PIMTEMP, NECK were 

transferred to JNC and implemented into JNC design codes, i.e. DIRAD-S and SIMPLE-S. 

The validation of SPHERE and DIRAD-S with the FUJI irradiation data is now in progress. 

Those codes can be expected very useful tools in the future licensing in “JOYO” for SPF 

irradiation tests.  
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Ch. Hellwig 12.07.2000

58
AN-43-00-40 JNC-PSI-NRG SPF(FUJI) Program: Minutes of the Meeting

November 27 and 28, 2000 at JNC Tokai-mura
Ch.Hellwig 05.12.2000

59
AN-43-00-44 Shigetome's work plan in PSI Y. Shigetome 22.12.2000

60
TM-43-01-19 Second welding tests for the fuel pin fabrication in the JNC-

SPF progrem phase 2 (FUJI)
Ch.Hellwig
P.Heimgartner

12.08.2002

61
TM-43-01-22 Filling test of sphere-pac and vipac pin with inactive material Y.Shiegetome 21.09.2001

62
AN-43-01-13 User's Manual for the two coupled gamma-scanning

evaluation codes GAMA and GAMB
L.Å. Nordström 12.04.2001

63
AN-43-01-17 Predicted exposure rates by fabrication and handling of

MOX pellets and pins for the JNC/PSI program
L.Å.Nordström 03.05.2001

64
TM-43-02-06 Filling tests of sphere-pac pins with UO2 spheres for the

Project “FUJI”

P. Heimgartner 17.06.2002
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No. Document No. Title Author Date of issue

65
TM-43-02-14 Vipac granules fabrication tests with UO2 and MOX for the

FUJI project
Y. Tomita 25.11.2002

66
TM-43-02-15 Filling test  of vipac pins with ZrO2 particles for the project

"FUJI"
Y.Shiegetome 19.12.2002

67
AW-43-02-05 Qualification procedure and parameters for the end plug

welding of the fuel pins for the JNC-SPF program "FUJI"
P.Heimgartner 30.10.2002

68
AN-43-02-05 Fuij-Project: Minutes of the bilateral Meeting JNC-PSI March

6th, 2002 at JNC
Ch. Hellwig 19.03.2002

69
AN-43-02-18 FUJI-Project: Minutes of the technical meeting September

23rd and 24th, 2002 at PSI
Ch.Hellwig 30.09.2002

70
TM-43-03-09 Qualification welding for the fuel pin fabrication in the INC-

SPF program phase II (FUJI)
Ch. Hellwig 28.02.2003

71
TM-43-03-20 Pellet fabrication tests with UO2 and MOX for the Project

FUJI
P. Heimgartner 26.06.2003

72
TM-43-03-23 Rev.3 Pellet fabrication tests with UO2 and MOX for the Project

FUJI
P.Heimgartner 22.07.2004

73
TM-43-03-24 Rev.2 Fuel segment fabrication for the project FUJI P.Heimgartner 09.07.2004

74
TM-43-03-25 Rev.1 Fabrication of MOX fuel spheres –JNC-SPF program phase

2 (FUJI)
M.Pouchon 07.04.2004

75
TM-43-03-26 Rev.1 Fabrication of Np-MOX fuel spheres –JNC-SPF program

phase 2 (FUJI)
M.Pouchon 07.04.2004

76
TM-43-03-27 New evaluation method for -autoradiographies M.Pouchon 18.12.2003

77
AW-43-03-01 Specification of the fuel pins for the FUJI Program P. Heimgartner 11.06.2003

78
AN-43-03-02 FUJI Project. Predicted exposure rates by handling and PSI

internal transfers of the welded fuel segments
L.A. Nordström 20.01.2003

79
AN-43-03-25 FUJI-Project: Minutes of the technical meeting July 17th and

18th, 2003 at NRG, Petten
Ch.Hellwig 03.09.2003

80
AN-43-04-01 Notes of discussion on the FUJI project at NRG (Petten),

January 16th, 2004

Ch. Hellwig 22.01.2004

81
TM-43-05-12 SPHERE Modelling of the Sphere-pac Fuel Segments in the

FUJI Irradiation Test
L.A. Nordström                30.08.2005

82
TM-43-05-13 Final report on the PSI activities for the FUJI project (JNC-

PSI-NRG collaboration)
Ch. Hellwig                         30.08.2005

83
AN-43-05-04 Minutes of the FUJI-project meeting Ch. Hellwig, L.A.

Nordström
14.03.2005
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Table-2 Report list (JNC issued)

No. Document No. Title Author Date of issue

1 JNC TY8410 2001-001
Fabrication drawings o fuel pins for FUJI project among
PSI,JNC and NRG

T.Ozawa, H.Nakazawa,
T.Abe

Oct. 2001

2 JNC TY8410 2001-002
Fabrication drawings o fuel pins for FUJI project among
PSI,JNC and NRG –revised version-

T.Ozawa, H.Nakazawa,
T.Abe

Oct. 2001

3 JNC TY8410 2002-002
Fabrication Drawings of Fuel Pins for FUJI Project among
PSI  JNC AND NRG -Revised Edition 2-

T.Ozawa, H.Nakazawa,
T.Abe

Oct. 2002

4 JNC TN8410 2002-004
Study of vipac fuel fabrication for FUJI project –literature
survey and recent experiment in JNC-

Y.Shigetome May.2002

5 JNC TN8410 2003-001 Vipac filling test by JNC for pin fabrication of FUJI project Y.Shigetome Feb.2003

6 JNC TN8410 2003-002
Report on fabrication of pin components for the irradiation test
in the FUJI project

M.Suzuki,  H.Hinai Mar.2003

7 JNC TY8410 2003-001
Fabrication Drawings of Fuel Pins for FUJI Project among
PSI JNC and NRG -Revised Edition 3-

T.Ozawa, H.Nakazawa,
T.Abe

Apr.2003

8 JNC TY8410 2003-002
Design report of fuel pins for FUJI project among PSI,NRG
and JNC

T.Ozawa, H.Nakazawa,
T.Abe

June.2003

9 FTES-12-234
STUDY ON THE RADIAL TEMPERATURE PROFILE AND
THE SPECIFICATIONS OF THE PELLET FUEL

T.Ozawa 28.07.2000

10 FTES-12-253
EVALUATION FOR THE IRRADIATION STABILITY AT
WELD ZONE

T.Ozawa 08.08.2000

11 FTES-12-273
EVALUATION OF THE CLADDING INTEGRITY FOR THE
SPHERE-PAC FUEL SEGMENT

T.Ozawa, M.Takano 22.08.2000

12 FTES-12-299
PRELIMINARY INVESTIGATIONS CONCERNING PTM
TEST IN HFR

T.Ozawa 06.09.2000

13 FTES-12-309
EVALUATION OF THE CLADDING INTEGRITY FOR THE
SPHERE-PAC FUEL SEGMENT(Rev.2)

T.Ozawa 14.09.2000

14 FTES-12-476 Fuel Seal Disc Design for HFR Irradiation Fuel Segment T.Ozawa 22.12.2000

15 FTES-12-549
Fabrication Drawings of Fuel Pins for The JNC-PSI-NRG PSF
Program

T.Ozawa 01.02.2001

16 FTES-12-571
Study on the Irradiation Test in JNC-PSI-NRG Collaboration
Program(I)

T.Ozawa 19.02.2001

17 FTES-12-604
Revision of the Fabrication Drawings of Fuel Pins for the JNC-
PSI-NRG PSF Program

T.Ozawa 06.03.2001

18 FTES-13-136
The Irradiation Behavior Prediction and The Pin Intergrity
Estimation for FUJI Project

T.Ozawa 28.06.2001

19 FTES-13-186
INSPECTION FOR PLUTONIUM DISTRIBUTION BY USING

-RADIOGRAPHY
T.Ozawa 09.08.2001

20 FTES-13-321 Influence of Impurity in P-18 on FUJI Project T.Ozawa 14.12.2001

21 FTES-14-006 Design Evaluation and Thermal Computations for FUJI ProjectT.Ozawa 05.04.2002

22 FTES-14-101 FSD Impact Evaluation with FEM(Finite Element Method) T.Ozawa 18.07.2002

23 FTES-14-115 Correction of Fabrication Drawing for Particle Retainer T.Ozawa 31.07.2002

24 FTES-14-330 Revision of Fabrication Drawing for VIPAC fuel segment T.Ozawa 20.03.2003

25 FTES-15-024 Revision of Fabrication Drawing for Special Plenum Sleeve T.Ozawa 16.04.2003

26 FTES-15-101
Fabrication Evaluation for FUJI Irradiation Tests-Preliminary
Estimation of Axial Power Distribution-

T.Ozawa 03.07.2003

27 FTES-16-056 Discussion on the 1st Irradiation Series on HFR T.Ozawa 03.06.2004

28 FTES-16-141
Thermal Computation for Ceramographies on the 1st
Irradiation Series

T.Ozawa 31.08.2004

29 FTES-16-329
The Preliminary Estimation of Irradiated History during the
PTM Test

T.Ozawa 30.03.2005

30 FTES-16-330 Discussion on Destructive Examination for RT2 T.Ozawa 30.03.2005

31 FTES-16-331 The Estimation of Irradiation Behavior during RT2 fuels T.Ozawa 30.03.2005

32 FTES-16-332 The Estimation of Irradiation History for RT2 T.Ozawa 30.03.2005
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No. Document No. Title Author Date of issue

33 FTES-17-084 The Discussion on the Results of PTM Test for FUJI Project T.Ozawa 09.06.2005

34 PFTG-16-032 Analysis of the neutronradiographs in IST and RT1 M.Nakamura 29.09.2004

35 PFTG-16-033
Irradiation history in the first restructuring test for preliminarily
analysis

M.Nakamura 19.10.2004

36 PFTG-16-036
Proposals on the irradiation conditions in the second
restructuring test and power to melt test

M.Nakamura 05.11.2004

37 PFTG-16-039
Prediction of the central hole diametrs in the RT2 based on the
IST results

M.Nakamura 25.11.2004

38 PFTG-16-043 Re-calcuration of the power to melt with DIRAD-S code
M.Nakamura
N.Sekine

03.03.2005

39 PFTG-17-006 Discussion on the ceremography positions of the PTM test M.Nakamura 07.07.2005
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Table-3 Report list (NRG issued)

No. Document No. Title Author Date of issue

1 20697/01.44334/C
Computations of the circumferential and the radial power
distribution in FUJI

K.Bakker 07.11.2001

2 20697/01.44474/C
Neutronics computations for FUJI based on plutonium vector
P18

K.Bakker 23.11.2001

3 20697/01.44553/C The design of the dummy sample holders for FUJI K.Bakker 26.11.2001

4 20697/02.46849/C Measurements of the axial thermal neutron profile in PSF5 K.Bakker 02.04.2002

5 20697/02.46967/l
The impact of impurities in plutonium from batch P18 and
the radial power profiles

H.G.Thesingh 08.04.2002

6 25138/03.51694/l FUJI (342-01) fuel segment power determination S.C.van der Marick 22.04.2003

7 25038/03.53228/l Design and safety report project FUJI 342-01 K.Bakker 10.06.2003

8 20697/04.57973/P FUJI (342-01/02) Instrumentation Check
H.G.Thesingh
P.J.M.Thissen

17.02.2004

9
20697/04.57971FAI/KB

/JY
Analysis of the problem that occurred during the initial
sintering irradiation test

K.Bakker 17.02.2004

10 25038/04.59131/I Irradiation Report 1 "FUJI-1/2 HFR cycle 04-01" H.G.Thesingh 20.04.2004

11 25038/04.59201/I Irradiation Report 2 "FUJI-3/4 HFR cycle 04-02" H.G.Thesingh 22.04.2004

12 20697/04.61130/C CFD analysis of the FUJI coolant water gap
J.A.Lycklama
à Nijeholt   K.Bakker

30.06.2004

13 20697/04.61964/l
Ajustment of the sample holders for the restructuring #2 and
the PTM test

K.Bakker 23.09.2004

14 20697/04.61973/C Design and safety report project FUJI 342-05-08 K.Bakker, C.Sciollia 23.09.2004

15 20697/05.64206/C
Non destructive examination of segments from the initial
sintering and restructuring #1 irradiation

K.Bakker, R.H.J.Schuring
F.A.van den Berg
W.J.Tams, H.A.Buurveid

05.01.2005

16 20697/05.64204/C
Destructive examination of segments from the initial
sintering and restructuring #1 irradiation

K.Bakker
F.A.van den Berg
W.J.Tams

05.01.2005

17 25038/05.64944/I Irradiation Report 3 "FUJI-5/6 HFR cycle 04-11" H.G.Thesingh 07.02.2005

18 25038/05.66053/I Irradiation Report 4 "FUJI-7/8 HFR cycle 05-03" H.G.Thesingh 30.03.2005

19 ****
Non destructive examination of segments from the
restructuring #2 irradiation

K.Bakker, R.H.J.Schuring
F.A.van den Berg
W.J.Tams, H.A.Buurveid

00.08.2005

20 ****
Destructive examination of segments from the restructuring
#2 irradiation

K.Bakker
F.A.van den Berg
W.J.Tams

00.08.2005

21 **** 
EPMA measurements on the samples R21U, R21L, K.Bakker

F.A.van den Berg
00.08.2005

22 ****
Non destructive examination of segments from the Power To
Melt irradiation

K.Bakker, R.H.J.Schuring
F.A.van den Berg
W.J.Tams, H.A.Buurveid

00.08.2005

23 ****
Destructive examination of segments from the Power To
Melt irradiation

K.Bakker
F.A.van den Berg
W.J.Tams

00.08.2005

24 **** 
EPMA measurements on the samples P11H, P11L, P12U
and P12L

K.Bakker
F.A.van den Berg

00.08.2005




