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Abstract
Japan Nuclear Cycle Development Institute (JNC) has developed MOX fuels for Advanced

Thermal Reactor FUGEN and Fast Reactors JOYO and MONJU for these 30 years. The total
amount of MOX fuels fabricated in JNC reached to be 157 tons asof the end of March 1999. No fuel
pin failure has been found in the fuels loaded in these reactors. This result shows that the fabrication
technology of MOX has been established and the quality control has also been done adequately in the
fabrication process. This paper describes the basic concept and associated procedures of quality
control related to MOX fuel fabrication in JNC high-lighting the key procedures of quality control in
MOX fuel fabrication, measurements of plutonium enriched zone, determination of plutonium
concentration, and the advanced method of visual inspection for the surface appearance of the
products. The homogeneity of plutonium and uranium is one of key properties from the viewpoint
of local heating in reactor operation and dissolubility in reprocessing. Thus plutonium enriched
zone (Pu spot) should be detected with an adequate method. The alpha autoradiography has been used
to identify the characteristics of the zone. The procedure of alpha autoradiography is established and
is successfully applied to the MOX fabrication process. The determination of plutonium
concentration is also one of key properties for quality control. JNC has gained the experience
relating to Titration, Coulometry, and Isotope Dilution Mass Spectrometry (IDMS) which are
known as determination method. IDMS has been used for the determination of plutonium
concentration in MOX fabricated in JNC. The advanced method for the visual inspection of the
surface appearance of the product, has been developed and demonstrated. The method utilizing the
VTR is considered to be well harmonized with fully automated MOX fuel fabrication process

1. INTRODUCTION
Japan Nuclear Cycle Development Institute (JNC) has developed MOX fuel for Advanced

Thermal Reactor FUGEN and Fast Reactors JOYO and MONJU for these 30 years in Plutonium Fuel
Center, Tokai Works. Many kinds of research and development have been carried out. The
developments cover many technical fields, such as modeling code, fuel design, sample fabrication,
MOX fabrication plant design and mass production of MOX fuel including measurement, analysis,
and inspection technologies.

In the first stage, the Plutonium Fuel Development Facility (PFDF) was constructed in 1965.
In PFDF basic research concerned with physical and chemical properties of Plutonium has been
carried out. In the second stage Plutonium Fuel fabrication Facility (PFFF) was constructed in 1972
to supply MOX fuel for experimental fast reactor JOYO and prototype advanced thermal reactor
FUGEN. Through this fuel fabrication, the rational fabrication process has been established In the
third stage Plutonium Fuel Production Facility (PFPF) was constructed in 1988 to supply MOX fuel
for experimental fast reactor JOYO and prototype fast reactor MONJU. At present, in PFFF,
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FUGEN fuel fabrication is underway according to the reactor operation. InPFPF, replacement of
equipment has heen carried out for preventive maintenance and operation of fuel manufacturing will
start in next year for JOYO fuel. The total amount oflylOX fuels fabricated in JNC reached to be 157
tons as of end of March 1999. They have been loaded in the reactors cited above and some of them
have been used in the fuel irradiation tests in domestic and foreign reactors. Good irradiation fuel
performance has been found in fuels loaded in reactors.

This result shows that the core technology of MOX fabrication is established, the concept of
quality control and assurance is excellent and quality control and assurance has also been done
adequately at each step in JNC. Quality control and assurance system of MOX fabrication was
established in 1975 when fuel fabrication for FUGEN was started. Quality control is considered to be
important from the following 2 points. One is for maintaining the safety of the plant; another is for
achievement of performance of the product. In this paper, the outline and present status of quality
control and assurance related to the performance of product, MOX fuel, are described. The basic
concept and associated procedures of quality control and assurance related to MOX fuel fabrication
in JNC are described highlighting measurements of plutonium enriched zone, determination of
plutonium concentration in MOX fuels and the advanced method of visual inspection for the surface
appearance of the products.

2. OUTLINE OF MOX FUEL FABRICATION PROCESS AND CONCEPT OF QUALITY
CONTROL AND ASSURANCE

2.1 Outline of MOX fuel fabrication process
The process flow of MOX fuel fabrication in Plutonium Fuel Center is divided into 3 stages

which are pellet fabrication, fuel pin fabrication and fuel assembling. At pellet fabrication process, as
feed materials, 3 kinds of powder, those are plutonium dioxide, MOX powder, and uranium dioxide,
are used. These materials are weighed and blended homogeneously to meet the specifications on
plutonium concentration or fissile concentration of pellet. After the powder is treated and the
treated powder is pressed and sintered. The pellet is obtained as a intermediate product. Pellets are
inspected and it is confirmed that specification of the pellet is satisfied. At fuel pin fabrication,
pellets are loaded to cladding tube with other components and welded. Completed fuel pin is inspected
and transferred to fuel assembling. Completed fuel assembly is finally inspected.

Compared with Uranium dioxide (UOX) pellet fabrication from the viewpoint of safety, the
typical features of MOX pellet fabrication are shielding for high radioactivity, controlling the
generation of heat, the restriction of criticality, and containment of plutonium. The typical features
from the viewpoint of quality control are homogeneity of feed powders after blending, small size of
lot, dissolvabilty of sample for analysis, decay of plutonium isotopes. Accuracy of material
accountancy is also required for non-proliferation. The development for production and inspection
of MOX fuel has been carried out to harmonize the above features, to aim at the remote controlled
and automated plant for MOX fabrication and to decrease human radiation exposure.

Quality control and assurance system including the procedures, such as inspection, or analysis, is
also established considering the above features, adaptability to process, safety and efficiency.

2.2 Concept «f quality control and assurance
The purpose of the quality control and assurance is to maintain the performance of the product

and to certify that the product and fabrication process fit the requirements of quality.
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Quality assurance system of MOX fabrication in Plutonium Fuel Center was established in
1975 according to the initiation of the fuel fabrication for FUGEN.The system was established based
on 10CFR50 Appendix B of US and JAEG4101 of Japan with our experience till then. Recently
concept of ISO 9000 series is taken in the system. The present status of main subjects in the scheme
of quality control and assurance for the product is described below.

Establishment of the organization for Quality Assurance is one of the most important schemes.
The distribution of the responsibility of divisions and sections are provided explicitly. Especially, the
division in charge of inspection, testing and verification of product is independent from the division
in charge of fuel designing and fabrication.

Inspections are carried out for the quality assurance of MOX fuel at pellet, pin and assembling
process. Inspection and analysis items for pellet fabrication are shown in FIG.l. The specification of
chemical and physical property of pellets is confirmed with analysis and measurement at each step.
Analysis is carried out for not only quality control and assurance but also process control. Analysis is
carried out mainly for confirmation that the performance of the product meets the specification
and almost samples are taken from the pellets. From the viewpoint of quality control, it should be
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considered that the rational sampling points and sampling timing should be examined to improve the
process control in advance. Samples are taken after blending to confirm the homogeneity of feed
powder at the starting of new production campaign. At pin fabrication process, surface appearance of
pin, gamma scan of pellet in pin, X-ray test for welding points, etc. are inspected. At fuel assembling
process, inspection for surface appearance of fuel assembly, contamination, are carried out. About
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the metal components composing the fuel assembly, such as cladding tubes, wrapper tubes, the
components are also inspected. Inspection and testing are carried out for each lot. The lot is defined
for each process considering the chemical and physical features. If deficiencies or deviations are
obtained as the result of inspection, corrective actions are taken to repair them according to the
quality assurance procedure.

Inspection for product is classified to 3 steps in Plutonium Fuel Center and inspections are
carried out in order. The first step inspection is carried out by Quality assurance section in Plutonium
Fuel Center (internal inspection) for the purpose of conformance to the specified requirements and
quality control. The second step inspection is carried out by reactor operator for the purpose of the
conformance to the specified requirements of reactor operator, and the final step inspection is
carried out by Japanese government based on the laws. Procedure and purpose of inspection is
different among them. In the inspection by consumer and government, verification of the records of
the operator's inspection are included. Government also inspects and approves the design of the fuel
before the start of fuel manufacturing.

MOX fuels fabricated in JNC have been inspected strictly by Japanese government and they all
have been passed. They are loaded in the reactors and some of them have been used in the fuel
irradiation tests. Good irradiation fuel performance has been found in fuels loaded in reactors. It is
concluded that concept of the quality control and assurance and the procedure adopted in MOX fuel
fabrication process in JNC should be correct and reasonable in fuel safety aspect.

3.TYPICAL TOPICS OF THE EXPERIENCE RELATED TO QUALITY CONTROL AND
ASSURANCE

The typical examples about quality control and assurance applied to MOX fabrication are
described as follows.

3.1 Measurement of Plutonium enriched zone in a MOX pellet
Concerning the physical property of MOX pellet, homogeneity of plutonium and uranium is

one of key properties from viewpoint of local heating in reactor operation and dissolubility in
reprocessing. Homogeneity of feed material is required in the course of the powder blending process
in pellet fabrication for quality control. In MOX fuel fabrication process the blending is one of the
most important process and unique process compared to UOX fabrication process. In MOX
fabrication process it is necessary that several kinds of powder with different composition of
plutonium and uranium should be blended homogeneously to adjust decided specification or to make
the size of lot larger.

Plutonium enriched zone (Pu spot) should be detected by adequate method to secure the
homogeneity. The size and plutonium concentration, which are the characteristics of the zone,
should be limited within the allowable level. To identify the characteristics of the zone, the alpha
auto-radiography has been used because of the simplicity of equipment. The procedure is established
and successfully applied to the MOX fuel fabrication in Plutonium Fuel Center.

3.1.1 Specification of Pu spot for MOX fuel
The specification on the plutonium enriched zone (Pu spot) in MOX pellet is determined for

preventing local heating in reactor. Specifications of diameter and plutonium concentration of Pu
spot for three types of MOX pellets fabricated in JNC are shown in TABLE-1. In the case of thermal
reactor fuels, the diameter of maximum zone is determined to be less than 200 JJ. m with plutonium
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TABLE-1 SPECIFICATIONS OF PLUTONIUM SPOT

Fuel Type "FUGEN"

(for ATR)
"JOYO" , "MONJU"

(for FBR)

Diameter ^200 /u m

(if 2 0 0 - 8 0 0 ju m,Puconc.

is measured)

^ 1 0 0 p. m

(if exceed 100 fx m,

Pu cone, is measured)

Plutonium
Concentration

Limit is determined according to diameter from
the relationship between Pu cone, and fuel temp, (see FIG.2)

concentration up to 100%. In case that the diameter of maximum zone is larger than 200 p. m, it

is permitted that plutonium concentration measured is less than a limited value that is determined

based on thermal aspect.

Thus, it is concluded that the black image with a size corresponding to the range of the zone can
be formed and that the degree of blackness can be related with the strength of the alpha ray that
corresponds to plutonium concentration.

3.1.2 Measurement
Plutonium spots in MOX pellet are measured by alpha-autoradiography using nitro-cellulose

film and the principle of the method is simple. It utilizes the reaction between alpha ray generated
from plutonium and the materials composed of the film. The materials irradiated by alpha particles
are dispatched from the film and then the thickness of the film becomes thin by the alpha ray damage.
The procedure for MONJU pellet is shown in FIG.3. After a pellet is ground and polished, a film is
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put on the surface of the pellet through thin Mylar. The exposed film is etched by alkaline solution,
then the etch pits which showplutonium spots are observed. The measurement of the diameter is
carried out for the largest spot. If the diameter isover the specification, concentration of plutonium
of the spot is determined by measurement of blackness of the etched pit. The correlation formula
between the blackness and plutonium concentration is obtained by measurement of standards with
different plutonium concentration.

The new nitro-cellulose film for the measurement was developed by JNC andToray Industry
inc. as a substitute for the Kodak film which is not produced now. The performance of this film has
been compared with the Kodak film regarding the size and concentration of observed plutonium spots.
No difference in the results of the measurement between both films can be found.

3.1.3. Subjects to be considered
It takes about 2 days to measure the Pu spot because the procedure is complicated for each step.

It is desirable that the shortening the measurement time and rapid response to the process is achieved.

EPMA (Electron Probe Micro Analyzer) is one of the excellent methods for the measurement
of plutonium spot. Compared with alpha-autoradiography, it is possible not only to measure the
plutonium concentration directly but also to improve the measurement accuracy of the size and due
to less sensitivity of plutonium isotopic composition and the range of alpha-ray. JNC has
implemented the equipment made by JEOL ltd. inPFPF. The test will be carried out from next fiscal
year. By introduction of EPMA to measure the Pu spot, it is desired that the timeliness of response
will be improved because of the simplified treatment of sample and accuracy will be improved. About
the usage of alpha-autoradiography and EPMA in routine, it is considered that EPMA is applied to
the sample, Pu spot of which is measured relatively large by alpha-autoradiography.

3.2. Determination of plutonium and uranium concentration
Concerning the basic property of MOX, determination of plutonium concentration is most

important for process control and material accountancy. In Plutonium Fuel Center, it is necessary to
analyze the many kinds of sample with various plutonium concentrations. Three types of MOX fuel
with different Pu/U ratio, which are for JOYO, MONJU and FUGEN, have been fabricated. Beside
these final products, there are several kinds of samples to be analyzed, such as feed material,
intermediate product, and scrap. The samples to be analyzed in Plutonium Fuel Center are shown in
TABLE-2. As feed material, PuO2 powder, and 1:1 MOX powder recovered fromTokai reprocessing

TABLE-2 SAMPLES TO BE ANALYZED IN PLUTONIUM FUEL CENTER

Sample

PuO2 powder
1:1 MOX powder
Dry recovery powder
Blended powder
Pellet
Clean Scrap

Dirty Scrap

Pu/U ratio

1/0
1/1

1/3, 1/40
1/3, 1/40
1/3, 1/40
1/3, 1/40

variable

category

feed material
feed material
feed material

intermediate material
product

scrap

scrap

Impurity to be considered

Am
Am, Np, Fe
Am, Np, Fe
Am, Np, Fe
Am, Np, Fe
Am, Np, Fe,

Organic materials
Am, Np, metallic elements,

Organic materials
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plant, the Pu/U ratio of which is about 1/1, are used. About scrap, there are 2 kinds, one is clean scrap,
and another is dirty scrap. The dirty scrap is necessary to be treated chemically because of the
contamination of impurities.

In aspect of quality assurance of analysis, Isotope Dilution Mass Spectrometry (IDMS) is
considered to be the best method in Plutonium Fuel Center for determination ofPu concentration
with high accuracy and reliability among several methods, because any sample with different Pu/U
ratio and high impurity can be analyzed with single method IDMS.

3.2.1 Adoption of IDMS as analytical method
Plutonium and uranium concentrations in MOX fuel need to be determined with high accuracy

and reliability for material accountancy. Titration, coulometry and IDMS are well known as
analytical techniques for the purpose. JNC has gained the experience relating to these methods. In
comparison with other methods, IDMS can be applied not only for ATR and FBR fuels but also for
scrap material because it is not affected by impurities contained in sample. It has been reported that
titration is has a positive bias by Am or Np contained in sample and coulometry is affected by Fe and
is also affected with U in case that Pu/U ratio is small. In order to simplify quality assurance of the
analysis, IDMS is selected as the best method for our facilities, and has been used as a main analytical
technique in the MOX facilities of JNC from 1996. By introduction of IDMS, all material treated in
Plutonium Fuel Center can be analyzed for both process control and material accountancy, and the
burden about the analysis members and training of them is lightened. At present 4 sets of Mass
spectrometers are set at PFPF, and samples from PFDF, PFFF, and PFPF are measured.

3.2.2 Summary of IDMS
The procedure of IDMS applied in Plutonium Fuel Center is shown in FIG.4. MOX fuel is

dissolved with HNO3+HF. A part of the solution is transferred to the vial contained Large Sized Dried
(LSD) spike composition of which is plutonium and uranium nitrate, and then the mixed solution is
heated to dissolve the spike completely. After adjusting ion valence of plutonium, plutonium and
uranium is recovered independently by anion ion-exchange. Isotopic compositions of Pu and U are
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FIG.4 The flow ofPu and U determination by IDMS
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measured by a mass spectrometer. Pu-238 is also measured by an alpha spectrometer in order to
correct the result of mass spectrometry because there is a little possibility of contamination of U-
238 in ion-exchange. Quantities of plutonium and uranium are calculated from the isotopic ratios of
sample, spike and spiked sample. In these procedures of IDMS, the operators should have skill of
sample treatment for accurate and reliable measurement. Three types of spike shown inTABLE-3
are used for MOX fuels with different Pu/U ratio or U-235 enrichment. These spikes have been
mainly prepared in JNC.

For Quality assurance of the analysis, the following activities are carried out. Mass
spectrometers are calibrated at every sample measurement by the measurement of standard materials
such as NBSU-500, NBS 947. QC chart is used for daily control of bias and repeatability of isotopic
measurements, and is checked monthly by a supervisor. For the assurance of reliability of analytical
results, plutonium concentration of a sample is also determined by coulometry in addition to IDMS
in the case of FBR fuel. An analytical result is reported if both results would be within control limit.
Re-analysis is carried out if there would be out of limit. Intercomparison analysis on concentration
and isotope ratio of plutonium and uranium has been performed four times per a year among
IAEA-SAL, NMCC-SAL of Japan and JNC from 1994. Bias of these analyses can be checked annually
by the intercomparison.

3.2.3 Subject to be considered
Timeliness of analysis is important from the process operation. It is necessary to dissolve the

powder or pellet to analyze the sample and it takes a longer time to dissolve the MOX sample rather
than UOX sample and to treat samples for IDMS. Almost 3or 4 days are necessary to obtain the
results of analysis. For process control it is desirable to supply the results of analysis to operation
section timely. Introduction or establishment of rapid analysis method should be considered for MOX
fabrication. X-ray fluorescence analysis (XRFA) is one of the best methods in this viewpoint because
Pu/U ratio in MOX is measured rapidly with XRFA. XRFA is not installed in our MOX plant, however,
because it does not have enough precision and accuracy for the material accountancy in the case of
plutonium concentration in MOX fuel. Non destructive assay (NDA) equipment such as neutron
measurement is also useful for rapid measurement of plutonium quantity. It is necessary to
investigate the improvement of the precision and accuracy of these methods and adaptability to the
process.

For introduction of IDMS, the initial costs are expensive rather than other methods. The
running cost is also expensive because expensive expendables and standard are necessary. At
plutonium fuel center IDMS is used for all samples regardless of the composition and for process
control and material accountancy. It is seem necessary to select the method considering the

TABLE-3 COMPOSITION OF LSD SPIKE

"A" spike "B" spike " C spike

Pu/U ratio
U-235 Enrichment

Object

1/20
18

"FUGEN" fuel

1/3
0.7

"JOYO" fuel
1:1 MOX

2/1
18

"MONJU" fuel
1:1 MOX
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composition of the sample in future plant. For example, it is considered that IDMS is used only for
the samples that are not measured with other methods, to reduce the cost.

Additionally, securing spike for IDMS and standard material for calibration should be
considered for introduction of IDMS. Standard material is important for analysis, not only for IDMS
but also other analytical methods. At present it is very difficult to obtain the some amount of the
certificated nuclear material, such as plutonium metal, which is used for spikes or standard, from
foreign countries because of the restriction of the transportation. It is necessary to keep the raw
material to make the spikes and investigate the means to get it.

3.3 Visual inspection of surface appearance of the products
The visual inspection for the surface appearance of the products is carried out at each

production stage as a inspection item. It takes a long time and it disturbs a process operation because
this inspection is treated as a hold point. The inspection of operator is stopped because the single
equipment for visual inspection of pellet is installed The rational method and procedure of
inspection should be developed for mass production.

3.3.1. Purpose of Visual inspection
In the inspection of surface appearance, it is certified that there is no defect on the product,

such as harmful scratch. It is necessary in quality control scheme that the inspection of surface
appearance is carried out for all products, not for some samples randomly selected, basically. The
visual inspection is sensuous test by comparing with the standard or limit model and the judgement of
pass or fail on the product is carried out by inspector. Inspection by Japanese government is carried
out finally after the inspection by reactor establisher is completed. Product is hold and next
fabrication process is stopped until the final inspection finished in previous process.

3.3.2. Development of the advanced method
Visual inspection is carried out for all products at each step and inspection time is piled up. It

takes long time to certify the all object visually, especially pellet. In plant designing, the single
equipment for visual inspection of pellet is installed. Therefore, the inspection by fabricator is
stopped when the inspection by government or reactor establisher is carried out, and manufacturing
schedule is disturbed. It is necessary to develop and introduce the new method to reduce the inspection
time and radiation exposure, and to reduce the influence of the inspections carried out by government
and reactor establisher. The rational procedure should be developed.

The advanced method, in which the VTR is utilized, has been developed. This method is
considered well harmonized with fully automated MOX plant because of no disturbance to operation
and remote inspection. Fabricator takes video images of surface appearance in advance and these
video images are used for the inspector, instead of direct visual inspection. Inspector selects the
videotapes randomly and inspection activity is independent from process line.

The developed system and example of the video image for pellet inspection are shown in FIG. 5.
Pellet are inspected during transfer to pallet and identified by specific number of the pallet which
receives pellets. The video images for inspection are composed of three independent scenes which
are surface appearance of pellet, pellet transfer to pallet and pallet number. It is necessary that
inspection by video image should be the same as inspection directly. The high-resolution cameras
were introduced. About the video image, by improvement of image processing, many images are
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coupled in one picture for inspector to understand and verify the sample. The video images taken by
fabricator are used for the inspection carried out by reactor establisher and government. About the
authentication of image data taken by operator, it is necessary that the video images are not modified
artificially. To maintain the traceability of actual products to video images for inspection, video
recording time is indicated on the video image continuously. As another techniques adopted in
developed system, images of sample to be inspected and limit model taken with t he same condition
are shown in just one picture or additional information is added to the picture for inspection.

3.3.3. Results of the introduction of the system

It is confirmed through the actual inspection that the following advantages have been obtained.
It can enhance the reliability of visual inspection because every inspector can have inspection results
as a common database. The inspection gives no disturbance to operations of the fabrication process.
It can also reduce time and manpower needed for the inspection and the reduction of manpower is
estimated to be about one fourth. For inspector this system makes judgement easier and criteria of
judgement clear. It makes the inspector understanding the situation of the objects easier.
It can reduce the radiation exposure of operators and no exposure of inspector can be expected,
because inspectors have no need to enter the radiation controlled area and no transportation of
objectives from the storage to inspection position is needed for inspection.

This VTR method is adopted for not only inspection of pellet but also that of fuel pin and fuel
assembly. It is concluded that the new method using VTR for visual inspection has been established.

4. DEVELOPMENT FOR FUTURE

The quality control and assurance system shall be modified adequately and timely according to
the requirement of quality. It is considered that the inspection procedures should be developed in
future on the following viewpoints.

The existence of hold point is important for quality control and assurance. It is necessary to
stop the process operation until the result of inspection is obtained. From the viewpoint of process
control, if the timeliness of inspection or analysis is secured, the flexibility, efficiency of process
operation and productivity will be improved because of the rapid feedback and reduction of waiting
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time. Therefore, it should be considered that the speed-up of evaluation of inspection, such as
speed-up of analysis with high accuracy, or introduction of new analysis and in-line analysis on the
assumption of high accuracy would be necessary. It should be considered that XRFAandNDAare used
for process control besides for material accountancy. In future it will be desirable to improve the
accuracy and precision of such measurement methods for rational process control. About the
introduction of in-line analysis, it should be considered that the relationship between requirements
from the process operation and performance of analysis is important.

Rationality and cost effectiveness should be considered in inspection procedures. Analysis is
necessary for each lot and the size of lot of MOX fuel is small rather than that of UOX fuel
fabrication. The number of analysis in MOX fabrication plant is extremely large and effects the cost.
It is necessary to develop the analysis methods with low cost and to introduce automated process.

5. CONSIDERATION
It is concluded that concept of the quality control and the procedure adopted in MOX fuel

fabrication process in JNC should be correct and reasonable in fuel safety aspect. Based on the
experience, the present quality control and assurance system is satisfied to the requirement of quality.
It is, however, considered that the current procedure for quality control may have a conservative
margin for fuel safety and seems to lose rationality in economic point of view. Therefore, it will
be requested that the more rational procedure and the inspection method should be developed and
established for the future. The direction of quality control in the future is also discussed mainly based
on the improvement of economy with maintaining the safety confidence level.

In future the necessity of MOX fuel fabrication should be increased and capability of the MOX
fuel plant should be increased. The experience of UOX fuel fabrication plant, the capability of that
is huge rather than that of MOX plant, should be taken in quality control scheme of MOX fuel
fabrication for the improvement of the rationality.
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