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Abstract

The Japan Nuclear Cycle Development Institutes, JNC, has fabrication the MOX fuel for
the Advanced Thermal Reactor, ATR, "FUGEN" in the Plutonium Fuel Fabrication Facility,
PFFF, since 1974. For these 25 years, the MOX fuel fabrication has been progressed in stable
manner after overcoming several problems at the start up of FUGEN fuel fabrication. Through
the experience, improvements on process equipment and conditions have been taken place to
achieve efficient MOX fuel fabrication on an engineering scale as 10 tons MOX per year. Main
features of current fabrication process are digested as one step blending with ball milling,
pelletizing without granulation and sintering with batch type furnaces. This fabrication process
has been demonstrated and confirmed to be applicable techniques for the MOX fuel fabrication
on this scale. This paper discusses the FUGEN fuel fabrication focused on the MOX pellet
fabrication with operational experiences and improvements on the process.

1. INTRODUCTION

In 1966, the JNC has started development of Advanced Thermal Reactor, "FUGEN",
adopting heavy water moderating and light water cooling system. The FUGEN was expected as
the bridge between Light Water Reactor, LWR and Fast Breeder Reactor, FBR. The
construction of FUGEN started in December 1970 and its first criticality was achieved in March
1978. The FUGEN fuel assembly has a unique cylindrical shape and consists of three layers of
fuel pins. The numbers of fuel pins in each layer are 4, 8 and 16 from inner to outer layer
respectively. The pellets with same plutonium content are loaded in the inner and middle layers
pins and the other pellets with lower plutonium content are loaded in the outer layer pins. The
structure of fuel assembly for FUGEN is shown in figure 1.
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FIG. 1. FUGEN Fuel Assembly
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In parallel with development of the reactor, the JNC started development of MOX fuel
fabrication technology at the Plutonium Fuel Development Facility, PFDF, constructed by the design
of NUMEC, U.S.A. Company, in 1966. Based on the experiences concerning plutonium handling
and test fuel fabrications in the PFDF, the JNC designed and constructed PFFF in 197 1. In the PFFF,
two MOX fuel fabrication lines, one is for FUGEN (hereinafter referred to as ATR line) and another
is for the experimental fast breeder reactor "JOYO" (hereinafter referred to as FBR line) are
installed. The PFFF ATR line was designed to fabricate MOX fuel through semi-automated
operation with using reactor grade plutonium on the proto-typical scale of commercial MOX fuel
fabrication. The annual fabrication capacity of ATR line in PFFF is about 10 tons of MOX. The fuel
fabrication can be carried out through the control panel located beside the glove box and process
equipment by operator from weighing to fuel assembling. The PFFF ATR line has started its
operation with MOX fuel fabrication for the Deuterium Critical Assembly, DCA, in 1971 with 30 kg
of MOX per day of fabrication capability. Total amount of MOX fuel fabricated for DCA was 9.1
tons of MOX. After DCA fuel fabrication, the ATR line was improved its production capability up
to 60 kg of MOX per day for FUGEN fuel fabrication in 1974. The MOX fuel fabrication for
FUGEN initial core fuel was completed in 1978.

2. PROCESS FLOW AND LAYOUT

The flow chart of current pellet fabrication process for FUGEN is shown in figure 2. Three
kinds of feed materials such as plutonium dioxide or co-converted MOX powder, uranium dioxide
and recovered powder are weighed to meet the fuel specification. The weighed powders are blended
homogeneously with ball mill machine. After lubricant addition, the blended powder is pelletized
into green pellets directly without granulation. Prior to sintering, the green pellets are processed in
the de-waxing furnace to remove the lubricant from the matrix of the pellets. Followed by sintering,
the pellets are ground by wet grinding method to satisfy the specification of diameter and surface
flow. Finally, the pellets are inspected to be satisfied with fuel specifications such as dimensions,
surface appearance and density as products. The scraps generated in the pellet fabrication are
recycled as a feed material after calcination and reduction.
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FIG. 2. The/low chart of current pellet fabrication process for FUGEN
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The JNC began to utilize the standardized giant size glove boxes, 2.5m x lm x 6m, in the PFFF
to restrain the initial construction cost. Each glove box is connected to the transfer tunnel at its end
so as to transfer nuclear materials through this tunnel between glove boxes along fuel fabrication
process. Layout of glove boxes in PFFF is shown in figure 3. As moving from left to right in
figure 3; the fuel fabrication is proceeded along the flow chart.
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FIG.3. The layout of the glove boxes in PFFF

3. EXPERIENCES IN MOX FUEL FABRICATION

The MOX fuel fabrication process mainly consists of three processes such as pellet fabrication,
fuel pin fabrication and assembling. Because the fuel pin fabrication process starting with pellet
loading into a cladding tube has a similarity with uranium fuel fabrication, the MOX pellet fabrication
process consisting of powder, pelletizing, sintering and finishing steps is main topic to be discussed
here.

3.1 .Powder Preparation

The main features of the powder preparation employed in ATR line are one step blending with
ball mill and powder preparation without granulation. In the one step blending method, the weighed
feed powders to meet the specification are blended homogeneously only with ball mill machine. At
the start-up of fuel fabrication for FUGEN in 1975, a two steps blending method was utilized with the
purpose of the homogeneity of blended MOX powder. For the first step of two steps blending
method, a VI type blending machine which had an excellent blending capability was utilized. For
the second step, a ball mill machine was utilized in order to improve the homogeneity of the
plutonium in the fuel pellets. The distribution of plutonium spots in the sintered pellet is the
indicator of the homogeneity of blended MOX powder, which is brought by the performance of ball
mill. In order to confirm the homogeneity of plutonium and uranium in a pellet, the observation of
plutonium spots distribution for these two methods were carried out. Photo. 1 shows the typical
example of the plutonium spots distribution in the sintered pellets taken by alpha auto-radiography
method for one step blending and two steps blending respectively. Significant deference is not
observed between them. Figure 4 shows the histogram of the diameters of plutonium spots
measured in the Photo. 1. In case of two steps blending, the averaged diameter of plutonium spots is
39 um and the maximum diameter is about 80 pm, while more than 98% of plutonium spots are under
60 jxm. Regarding the one step blending, the averaged diameter is 44 um and the maximum
diameter is about 100 um, while more than 96% of plutonium spots are under 60 um. Both of
averaged and maximum diameters of plutonium spots in one step blending are slightly larger than

111



those in two steps blending. However, both of these values obtained by two blending methods were
low enough to be satisfied with specification limit, which is 200 um with 100% plutonium
concentration.

At the beginning of MOX fuel fabrication in the ATR line, Stainless steel was used as a
material for the ball mill pot and ball, that caused a problem of MOX powder adhering on the surface
of ball and inner surface of pot. To resolve this problem, a silicon rubber lining was applied for the
inner surface of pot, and an alumina ball was introduced instead of stainless steel ball. In addition,
the replacement of ball mill was taken place for the improvement of blending performance and for
increase of capacity. After this replacement and confirmation of blending performance of new ball
mill machine described in previous paragraph, one step blending method has been introduced in ATR
line.

For the purpose of process control, the maximum size of plutonium spot has been measured for
every production lot up to the present. The measurement of plutonium concentration in the spot is
applied only for the production lot of which the maximum diameter of plutonium spots exceeds 200 um.
According to the measurement results of plutonium concentration in the spot, the maximum value in them
is 18 %. Concerning the measurement of plutonium spots distribution, it had been carried out for every
lot of feed plutonium material, and was abbreviated in 1992 because the accumulated data were low
enough to assure the specification limit for the plutonium spot.

(1) By two steps blending (2) By one step blending

Photo. I. The picture of plutonium spots taken by alpha auto-radiography method.
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FIG. 4. The distribution of the diameters ofplutonium spots
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The flowability of blended powder to be supplied to pelletizing step is important element to
realize pelletizing without granulation. From the beginning of fuel fabrication for FUGEN, the
MOX powder has been prepared for pelletizing without granulation. The ball mill crushes MOX
powder into the micrometer order size particles, which forms secondary particles in the following
lubricant addition step as if granulation were taken place. That is the key technique to realize
pelletizing without granulation. Various kinds of feed plutonium materials including plutonium
dioxide, co-converted MOX powder and so on have been able to be utilized for the fuel fabrication.
Because ball mill machine is enough capable of eliminating the differences in characteristics of feed
materials. Therefore, the formation of the secondary particles at lubricant addition process creates
enough flowability which brings easy powder filling into the die of pressing machine for FUGEN
pellet.

3.2.Pelletizing

For process control purpose, the density and dimensions of green pellet are important
parameters to control the quality of sintered pellets. At the early stage of pressing for a production
lot, frequent sample taking is carried out to measure the density and dimensions of green pellets to
determine adequate pressing conditions such as hydraulic pressure and so on, that is normal procedure
for pelletizing operation. The standard deviation of green pellet density obtained through this
procedure is less than 0.2 g/cm3 in the latest fuel fabrication for FUGEN, while the averaged green
density is about 6 g/cm3 with 10% of allowance. This quality of green pellets is enough to satisfy
specification of sintered pellet density after sintering. Figure 5 shows a cut view of FUGEN fuel
pellet with its specification.

Fissile material enrichment of pellet
Outer layer 1.84 ± 0.08 wt.%
Inner and middle layers 2.21 ± 0.09 wt.%

Dimensions
Height
Diameter

Density

18 ± 1 mm
14.4 ± 0.03 mm
95 ± 2.0 %T.D

Oxygen to metal ratio 1.97-2.02

Plutonium spot
A maximum diameter of plutonium spot < 800 urn

However, concentration of plutonium spot which maximum
diameter exceeds 200nm should be less than the value given
by following equation.

C = -4.1824* 10T)3+9.3648*lO-'D2- 0.7314D + 212.18
C : Concentration of plutonium in a maximum Pu spot
D : Maximum diameter of Pu spot

Dish (Spherical surface) Chamfer
14.4

[mm]

FIG. 5 A cut view of FUGEN fuel pellet with its specification.

3.3 .Sintering

The sintering is the most important process to determine the qualities of MOX fuel pellet such
as density, solubility of plutonium and uranium in the pellet, and oxygen to metal ratio and so on. In
the ATR line, conventional batch type furnaces with cylindrical configuration have been utilized for
de-waxing and sintering. This type of furnace has excellent thermal uniformity and easiness of
maintenance although the production capability is small. 4 sets of batch type de-waxing and
sintering furnaces were installed at the beginning of fuel fabrication for FUGEN. Each furnace can
sinter one production lot of pellets equal to 30 kg of MOX, and the daily sintering capability of ATR
line is 4 lots or 120 kg of MOX.
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Each furnace is connected to the bottom of glove box as shown in figure 6. The green pellets
are loaded into the furnace by manual operation with the crane installed at the ceiling of glove box.
A production lot composed of normally 800-1000 pellets is stacked up on 11 molybdenum sintering
dishes, and placed vertically into the furnace for sintering operation. 5% hydrogen and 95%
nitrogen mixture gas is used for sintering atmosphere. The operating conditions in temperature for
de-waxing to eliminate lubricant are 200 "C/h of rising rate, 2 hours keeping at 800 °C and cooling
down by natural. On the other hand, the sintering furnace is operated with the conditions of
400 "C/h of rising rate, 2 hours keeping at about 1700 °C and 600 °C/h of cooling rate in temperature.
The structures of de-waxing and sintering furnaces are shown in figure 7.

Glove box

Specification
Maximum Temp. 1.800°C
Sintering Temp. l,600~1.750°C
Capacity 30kgMOX/Furnace
Sintering Gas 95%N2-5%H2

Sintering Furnace (Batch Type) De-waxing Furnace (Batch Type)

FIG. 6. The de-waxing and sintering furnaces for ATR pellet fabrication (Batch type)
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FIG. 7. The structures of de-waxing and sinteringfurnaces
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The first replacement for all of 4 sintering furnaces had been carried out one by one during the
period from 1982 to 1985 in parallel with fuel fabrication. The second replacement for all of them
had been also carried out from 1995 to 1996 in parallel with fuel fabrication. Each sintering furnace
itself still had enough durability after about 600 times of thermal cycles caused by sintering
operations for about 10 years. The replacements of the sintering furnaces had been taken place
mainly because of deformation of outer cylindrical jacket of the sintering furnace by thermal stress.

Because of the excellent thermal uniformity brought by cylindrical configuration, the standard
deviation of sintered pellet density is small enough to assure the specification. Figure 8 shows the
variation of averaged standard deviation of sintered pellet density in each campaign from the I l'h to
28th reloaded fuel fabrications. In each campaign, more than 30 lots of pellets were fabricated. The
standard deviation within these campaigns is estimated as 0.16%'F.D. (Theoretical Density) in average.
Concerning averaged sintered pellet density of each production lot, it is depend upon the sintering
condition which is brought by the performances of sintering furnaces. Figure 9 shows the variation
of averaged sintered pellet density in each production lot in the current campaign. The standard
deviation of averaged sintered pellet density within this campaign is 0.32%T.D. They are small
enough to be satisfied with the specification of 95±2.0%T,D. for sintered pellet density.

The production capability of ATR line with using 4 sets of furnaces is about 10 tons of MOX
per year. The performance of this type furnace may not be sufficient for a commercial scale plant
for MOX fi»e! fabrication. At the Plutonium Fuel Production Facility, PFPF. continuous type
furnaces have been introduced and demonstrated for the commercial scale of MOX fuel fabrication
for FBR, and batch type furnaces are also installed as the back up for them, which are designed based
on the experiences gained, at ATR line.

—•—The fabrication of low pluionium content peliett
The fabrication of high pluieniuro content pellets

Campaign

FIGS. Averaged standard deviation within the campaign (From ll'h to 28"')
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FIG.9. Averaged density of sintering pellets in the latest campaign
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3.4.Finishing

The centerless grinding is essential step in the finishing process. From safety point of view,
the management of the ground dusts in the glove box which is different from uranium dioxide pellet
grinding is necessary. In order to meet the specification, a wet grinding method is applied for the all
pellets grinding in FUGEN fuel fabrication. The standard deviation of outer diameter of ground
pellets is less than 6 urn, which gives enough allowance for the specification of 14.4±0.03 mm.
Severe critical control should be adopted because of the small critical mass resulted from the wet
system. The ground dusts are collected together with cooling water and recovered by the centrifugal
separation system to be recycled as one of feed materials after calcination and reduction.

The measurement of dimensions and density is the last step in pellet fabrication. This step is
necessary to assure the quality of pellet. The early stage of fuel fabrication, the measurement was
carried out by manual operation. Since 1980, it is carried out with automatic operation by laser in
order to decrease radiation exposure during measurement and increase accuracy in measurement.
Based on this experience, the measurement system by laser is also employed in the PFPF.

4. RESULTS OF 25 YEARS FABRICATION

The accumulated MOX fuel fabricated for FUGEN reached to 128 tons of MOX or 689 fuel
assemblies as of March 1999. The amount of MOX fuel fabricated in the ATR line is shown in
figure 10. Through these 25 years experiences, the ATR line has demonstrated MOX fuel
fabrication on the engineerin g scale with a yield of more than 90%. With regard to the MOX
handling technology, the ATR line has adopted dry process except grinding and this dry process is the
indispensable technology to the current MOX fuel facility on a large scale.
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FIG. IO. The amount ofMOXfuelfabricated in the ATR line

Up to the present, any failure has never been observed in all products of ATR line including 683
fuel assemblies loaded into FUGEN. In the ATR line, various kinds of plutonium recovered by JNC
as well as foreign countries have been utilized as a feed material to fabricate MOX fuel for FUGEN.
It was one of the epochs in the ATR line to fabricate FUGEN fuel by the utilization of plutonium
recovered from FUGEN spent fuel in 1987 with closing the fuel cycle through FUGEN.
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5. SUMMARY

Through the MOX fuel fabrication for FUGEN in the ATR line for this quarter century, the
following key techniques have been demonstrated and confirmed to be applicable for 10 tons of MOX
fuel fabrication per year.
. One step blending with ball mill
. Pelletizing without granulation
. Sintering with batch type furnace

These key techniques are essential ones to fabricate MOX fuel economically on this scale. They are
also easily applied for the expanded scale of MOX fuel fabrication.

117


