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FOREWORD

Since the 1960 Symposium on "Fuel Element Fabrication with
Special Emphasis on Cladding Materials" there have been a number of

meetings reviewing aspects of fuel fabrication and related Quality
Assurance and Quality Control.

Under the coverage of an efficient quality assurance system,

quality control in nuclear fuel fabrication is an essential element to
assure the reliable performance of all its components in service.

Assuming its role to provide technical information in the
critical way to meet the quality objectives, the IAEA published in 1983 a

Guidebook on Quality Control of Water Reactor Fuel (TRS No. 221). That
document provides an homogeneous survey on the various techniques and
current experience in Quality Control, specifically addressed to the

manufacture of pure uranium dioxide, for water reactor fuel.

It is not

our intention, at this stage, to revise this document.

However, incentives to increase fuel performance, by extending

reactor cycles or achieving higher burnups and, in some countries to use
recycled plutonium in light water reactors (LWRs) necessitated the
development of new types of fuels.

In the first case, due to higher

uranium enrichments, a burnable neutron absorber was integrated to the

fuel pellets.

Gadolinia was found to form a solid solution with Uranium

dioxide and, to present a burnup rate which matches fissile uranium

depletion. (U,Gd)02 fuels which have been successfully used since the
seventies, in boiling water reactors (BWRs) have more recently found an
increased utilization, in pressurized water reactors (PWRs).

In the case of plutonium-uranium mixed oxides (MOX), important
literature has been accumulated for more than twenty years, in which
recyling of plutonium in LWRs was anticipated.

For some countries, the

delay in implementing fast breader reactors has urged the decision to
follow this route.

The process and product control of gadolinium bearing and
mixed oxide fuels give rise to obvious peculiarities and difficulties,

mainly related to combining two individual components into a homogeneous
material.
Chemical composition, homogeneity, stoichiometry and a number
of physical properties, peculiar to fuel pellet fabrication (density,
microstructure, sintering behaviour, porosity etc.) have to be assessed
and properly adapted inspection processes have to be applied.

In view of the rapidly increasing industrial importance of
these "advanced" fuels and accounting for the abundant, but mainly
dispersed literature on the subject, representatives of 6 Member States
which have developed expertise in these disciplines have recommended to
the IAEA to publish this TECDOC on Quality Control of Mixed Oxides and
Gadolinium Bearing Fuels.

For regulatory and strategic considerations, mixed oxide fuel
technology is not at this time accessible to all Member States. However,
mixed oxide and integrated burnable neutron absorber fuels constitute a

significant element in the improvement of the economics of the fuel
cycle, for the next decade.
This importance amply justifies the publication of this
TECDOC

to encourage authorities, designers and manufacturers of these

types of fuel to establish a more uniform, adapted and effective system
of control, thus promoting improved materials reliability and good

performance in advanced fuel for light water reactors.

The Scientific Secretaries, M. Hoé and G. Sukhanov, are
pleased to thank all the authors and contributors to this TECDOC and in

particular H. Assmann, N. Mostin, T. Takahashi and J.R. Robin.
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Chapter I
PROCESS AND PRODUCT CONTROL
OF MIXED OXIDE POWDER AND PELLETS FOR LWR FUELS
H. ASSMANN, N. MOSTIN, T. TAKAHASHI
1. INTRODUCTION

Plutonium is important to the nuclear industry since the world's known
resources of low cost uranium are quite limited. The most recent estimates
[1] put resources at under 4.5 million tonnes, which would only be enough to
fuel about 1000 gigawatt light water reactors (LWRs) over 30 years without
uranium and plutonium recycle. The use of plutonium can increase the nuclear contribution some 50 to 100 fold and converts the modest reserves of
uranium into a potential energy resource greater than that of all fossil
fuels combined.
1.1.

MOX technological background

A. great deal of research and demonstration has been undertaken since
the 1950's [2] to prove the plutonium technology for plutonium recycling
in LWR's (Table Chapter I/I). In this context, the MOX fuel industry not
only has coped with the fabrication aspects, but also with the behaviour
of its MOX fuel under irradiation to demonstrate to the utilities and to
the licensing authorities that the differences in the neutronic, safety
and thermal- mechanical features are properly taken into account. This
MOX fuel technology already now exists and the data base is being extended continuously in order to reach the same technological level as exists
and is still being expanded for U-fuel. The evolution during the recent
years of both the reprocessing industry and the power plants on-line and
likely to be put on-line in the future is currently also placing emphasis
on MOX fuel utilization in LWRs [1-3-4-5].
1.2.

Utilization options

With delays in FBR programmes and changing market conditions, plutonium recycle in LWRs is becoming a realistic alternative to storage for
use in the future in fast reactors; the choice will be affected mainly by
technical, economic, strategic and regulatory considerations.
Spent fuel can be stored and decision on when to reprocess it can usually defer.
Nevertheless, in some cases reprocessing is essential for
technical reasons e.g. gas reactor fuel which are not designed for prolonged pond storage, Magnox fuel cladding is subject to quite rapid water
corrosion and can only be stored for a limited period in ponds.
The storage of spent fuel or of fresh Pu issued from the reprocessing,
affects the quality of the plutonium : as soon as the fuel is removed
from the reactor, fresh plutonium production ceases and radioactive decay
becomes the dominant feature. The halflife of 239pu ^s long so that
it remains effectively unchanged. The shorter lived isotopes decay and
fissile ^Ipu is replaced by neutron absorbing
^Am which,
together with the decay products from -^Pu, adds to the high energy
gammaemission from the isotopic mixture. This decay has two consequences.
Firstly the fissile worth of the plutonium produced in the thermal
reactor fuel decreases with storage time. That is to say its usefulness
as a substitute for ^^U in thermal or fast reactors decreases.
The
second consequence is that separated plutonium becomes progressively more
difficult to handle as time passes, due to the build up of the strong
gammas from ^Am an(j of the high energy gammas from the daughter

Table Chapter I/I [2]

EXPERIENCE WITH PLUTONIUM RECYCLE IN LWRS

Power plant

PWR
Saxton
BR3
Trino
CNA
CNA
Mihama 1
KWO
Beznau 1
San Ofre 1
GO 1
Tihange 1
Bugey
Biblis
St. Laurent
BWR
VAK
Dodewaard
Big Rock Point
Garigliano
Dresden 1
KRB 1
KWL
Oskarshamm 1
Quad Cities
KKI
Caorso
KRB 2
Tsuruga 1

Design and safety analysis

Plutonium fuel fabrication

W
BN
W
BN

W
BN
W
BN
Alkem

FRA
W-MHI
KWU
W
W
KWU
BN

W
Alkem
W
W
Alkem

EdF
KWU
FRA

-

KWU
BN-GKN
ENC
GE

Alkem
BN
ENC
BN
UNC - Alkem
Alkem
Alkem
BN
GE
PNC

GUNF (UNC)
KWU
KWU
ASEA
GE
KWU
ENEL
NIS

GE

BN

W - Westinghouse; BN - Belgonucleaire; FRA - Framatome; MHI - Mitsubishi
Heavy Industries; GKN - Gemeenschappelijke Kernenergiecentrale Nederland;
ENC - Exxon Nuclear; GUNF - Gulf United Nuclear Fuels; UNC - United
Nuclear; NIS - Nuklear-Ingenieur-Service; * PNC - Powder Reactor and
Nuclear Fuel Development Corporation.

* : updated.

The presence of the gamma- emitting isotopes
products of 236PU.
does not preclude the use of the degraded plutonium in fuel, but it would
demand much higher levels of shielding during fabrication and for handling the fresh MOX fuel than are needed for MOX fuel made of unstored Pu.
This would add to the expense and incovenience, but it is technically
feasible.

Taking into account the strategic aspects of nuclear energy such as availability and adequacy of resources and independence of energy supply,
countries planning to use plutonium look primarily to its use in fast
reactors. However, as long as fast reactors are delayed, for macro- or
microeconoraic reasons, the plutonium recycle option is justified for the
same reasons, taking into account the actual plutonium technology.
A further important consideration in the recovery and recycling of plutonium is the fact that it is a long lived radiotoxic material (half life
24000 years) which, along with other actinides, can be converted to shorter lived products through neutron irradiation in a reactor. These products are considered by some to be a better form of waste than the actinides, in that assurances about containment and isolation from the biosphere are easier to provide and demonstrate for shorter periods measured
in centuries rather than for periods that may be measured in tens of millenia. The fact that plutonium can produce energy while being converted
can be seen as a bonus.
1.3. Conclusion

As a result of the existing data base, the good behaviour of the MOX
fuel and the state of preparation of the fuel industry and international
regulations, the MOX fuel is commercially viable today and will become
increasingly cost-effective as manufacturing capacity will increase.
By recycling the recovered uranium and plutonium in light water reactors
the saving of the uranium that would otherwise be required could already
be higher than 35 %.

Table Chapter I/II : Production of Plutonium isotopes in nuclear reactors
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2. PLUTONIUM CHARACTERISTICS
2.1. Production

Plutonium (Pu) is an inevitable bye-product of nuclear power production (Table Chapter I/II). When the heaviest of the elements naturally
remaining on earth, uranium, is bombarded by neutrons some of its atomic
nuclei capture neutrons.
The commonest uranium isotope, -^uranium,
which has a nucleus consisting of 92 protons and 146 neutrons, becomes
239uranjLum>
-pwo successive emissions of an electron (beta-particle)
from the nucleus produce first
-^neptunium then ^39plutonium.
These

beta-decays are

rapid

so

that

-^plutonium

quickly

begins

to

accumulate from neutron bombardment of -^"uranium in the fuel in the
core of a reactor. The plutonium itself if left in the core can either
undergo fission or capture further neutrons to yield higher isotopes of
plutonium. The mixture of isotopes when fuel leaves a reactor will depend on the length of time the fuel has been irradiated, on its initial
enrichment in ^uranium, an(j on the energy spectrum of the neutrons
which affects the relative rates at which they are captured or cause fissions.
The plutonium can be recovered from spent fuel by dissolving it in nitric

acid and separating out firstly the fission products and impurities and
secondly the dominant residual uranium fraction, using a combination of
solvent extraction and oxidation-reduction techniques.
2.2. Physical properties
Pure plutonium in the massive state is a hard brittle metal like
cast iron which can be melted, moulded and machined into any shape desired.
When alloyed with other metals it can be converted to a soft,
maleable product which can be drawn into wire or rolled into thin sheets
or foil. Like iron or uranium it is stable in the bulk state but finely
divided powders of all three are pyrophoric, i.e. they can catch fire

spontaneously if exposed to air.
Plutonium is chemically reactive and combines with many non-metallic elements to form stable compounds. The oxides and nitrate are of particular

importance in the production of plutonium and its use as a fuel.

The

principal compound used in fuel is the dioxide which is blended with uranium dioxide to provide a material with the right nuclear characteristics.
Plutonium has valencies of 3, 4 and 6 i.e., it can form stable compounds

with, for example, 3, 4 and 6 atoms of chlorine per plutonium atom or
1.5, 2 or 3 atoms of oxygen per plutonium atom. The lower valency states
are stable and the highest valency compounds are easily reduced in solution.

This forms the basis of the methods used to separate uranium and

plutonium in nuclear fuel reprocessing plants.
2.3. Radioactivity
All plutonium isotopes are radioactive and undergo spontaneous decay

(Table Chapter I/III).
Commercial PuC>2 is extremely radioactive.
It is essentially an
alpha emitter, although it is also a producer of neutrons, X-rays, gamma
rays and beta particles.
a) Alpha-emission
With the exception of ^Pu, which has a weak alpha-emission but
a strong beta-emission, all the common Pu isotopes (238, 239, 240 and
10

Table Chapter I/III : Plutonium isotopes

Isotopic
Mass

Half Live

Decay
Mode

Specific
Activity
109 Bq/g

Heat
Spontaneous | Genefission
raProduct
neutrons n/g.stion
!mW/g

236

2.8y

X

1.9 x 104

37 x 103

237

45.3d

-

-

238

87. 7y

75+
<*
or

6 x 102

1 ~

U- 23 2

™

Np-237

2.6 x 103

560

U-234

2

0.03

1.9

U-235

1.0 x 103

6.8

U-236

4.2

Am- 241
U-238

239

2.4 X 104y

240

6.5 X 103y

o^

8

241

14. 4y

A'

3.7 x 103

242

3.8 X 105y

G<

0.1

1.7 x 103

0.1

Am-241

4.3 X 102y

<*,f

1.2 x 102

1.1

114

242) are strong alpha-emitters. It is the alpha-emission which is of
most concern as a radiological hazard, and which necessitates handling
the plutonium in slightly depressurized, tight glove boxes. Among the
plutonium alpha-emitting isotopes, 23°Pu, with a half life of 86
years, is the strongest one. When present in appreciable amounts, the
heat generated by the alpha activity (especially from 23&pu)
results in storage problems and in a gradual degradation of the ease
of fabrication if Pu02 is stored over long periods. For the same
reason, a reduction of the number and the importance of the powder
handling steps is beneficial if a properly mixed U02~PuU2 Powder
can be beneficial.
When plutonium is freshly separated from the fission products in a
reprocessing plant, the alpha activity of the material is small. However, 243-Am builds up from the decay of 2^1pu at a rate of
about 0.05 % Am/year per one % 2^>1pu in the plutonium. The alpha
rays of ^Am fortunately are weak, and are practically completely absorbed by an air layer of l m thickness. Unlike, the neutron
emission, the alpha-emission does not increase with the mass of
PuU2•
Indeed, because of the strong self-shielding effect of the
heavy oxide material, the alpha activity is much more influenced by
the extent of the outer surface of the oxide batch than by the volume
of the batch.
The result is that the alpha activity becomes very
important when PuU2 Powder is spread in small quantities in the working areas, and plutonium oxide dust is, as a consequence, a very important source of alpha activity. PuU2 dust deposits on the walls
of the glove boxes and on the surfaces of all the equipment located
inside the boxes where powders are manipulated. When operations have

11

Table Chapter I/IV

[2]

Typical fuel fabrication dose rates for Mow fuel
containing 4.3 weight per cent PuO£> mrem/h
Manufacturing stage

Pu02

MOX pellets

Days since
Days since
Am separation
Am sepiiration
200 | 600 200
600
Surface dose

(unshielded)
Surface dose
(1/4 In lead shield)
2ft from surface
(unshielded)

6000

18000

15

15

nd*

nd

900MWe PWR
all-Pu assembly

Days since
Am sepciration
200
600

2300

50

80

5

5

3

3

nd

nd

5

8

1400

* nd - not determined.

to be performed manually, the people performing them receive significant alpha doses, particularly to the hands and arms, mainly coming
from the PuO£ dust deposits.
This is the principal reason for
mechanization. But mechanization is not the sole solution to the alpha emission problem. Indeed, mechanization does not eliminate maintenance, which is also an important source of alpha radiation for the
workers. During manual work on large quantities of plutonium from
LWR's, or during equipment repair or maintenance, maximum permissible
doses may be reached in a few days, necessitating changing the workers
by personnel cycling. This is expensive and, in general, not well
accepted by the personnel. Thus, there is an incentive to combine the
use of a dust free fuel fabrication process with a high degree of
mechanization of the plant.
Most of the high energy radiation arises from the decay of 236 T
eventually

2l2

Bi

and

2 8

° Tl.
This
source is,
however,
much smaller than the
^Am and builds- up at a rate five times
slower.
For all practical purposes in PuU2 handling and in the head end of
MOX fuel manufacturing, the 2 ^Am content is the main dose contributor. As a result, incorporating the plutonium in MOX fuel provides effective shielding. This has been confirmed by dose measurements
during fabrication campaigns. Design calculations [1], based on these
data (Table Chapter I/IV)
illustrate the impact of self-shielding for
Pu0 2 » for MOX and for a fuel assembly, as a function of time since
plutonium purification.
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b) Neutron emission

239pu
240pu
fission
spontaneously,
and
j
ancj
therefore are neutron emitters. The neutron emission is also partly
the consequence of the (alpha, n) reaction on heavy atoms.
Neutron activity is practically constant with time and depends mainly
on the isotopic composition of the plutonium. The neutron activity
depends therefore on two main parameters : the quantity of PuC>2 powder, and the type of material used for the containers and other equipment in the process. Proper shielding has to be taken into consideration at all stages of the MOX fuel cycle; whereas it is usually not a
limiting feature for LWR fuel.
2.4. Isotopic composition
Plutonium is produced by neutron capture in uranium nuclei. The
predominant isotope is ™Pu which comes from the dominant uranium
isotope, 3°U.
However, if a fuel element containing plutonium is
left in a reactor for any length of time further neutron capture can
occur
to
yield
higher
isotopes
like
^40pu>
241pu
an<j
242pUi
Additionally
236pu an(j 238pu can
^e produced
by
neutron capture in ^^U and "u in the initial fuel.
The isotopic composition of plutonium is therefore a function of the composition of the initial fuel, the fuel burn-up in the reactor and the
flux and energy spectrum of the neutrons, which differs with reactor
design and operating conditions. The mixture of isotopes produced in a
fast neutron reactor would differ from that produced by thermalised neutrons in a light water moderated reactor such as the pressurised water
reactor (PWR) due to differences in the propensities of uranium isotopes
to undergo fission and to capture neutrons at different incident neutron
energies. For instance, plutonium formed in a Magnox-type reactor (CÛ2
cooled natural uranium) typically has the following isotopic compositions :
Isotopes
238
239
240
241
242
Content, %
0.2
78
18
3.4
0.4
Plutonium coming from an LWR reactor whose fuel enriched at 3.25/ -^u/U
has reached a high burn-up (33,000 MWd/t) has an isotopic composition
close to the following :
Isotopes
238
239
240
241
242
Content, %
1.5
58
22
13.5 5
It can be seen from the comparison of both types of plutonium that plutonium from LWR's, which will become the most common with time, is much
more neutron- and alpha-active (due to the higher concentration in
238pu) ancj much more alpha active with time (due to the high
241pu content) .
The composition will also differ with time after fuel is removed from the
reactor due to the decay of the shorter lived isotopes.
2.5. Plutonium and fission
Two isotopes of plutonium,
39pu an<j z41pu> undergo fission when bombarded with thermal or fast neutrons in the same way as
235uranj[um an(j ^33uran£um_
xhe fission process produces lower
atomic number fission products plus a number of fission neutrons which
can go on to produce further fissions in other fissile nuclei.
The number of neutrons produced (Figure Chapter/ 1) depends on the energy
of the incident neutron and the fissile isotope involved [6] .
At low (thermal) energies around 2.5 neutrons are produced per fission,
whereas with a fast neutron spectrum in excess of 100 Kev the number
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Uranium • 233u. 23Sg. an<j 238u

2

3

Inadenl neutron energy (MeV)
Fig. Chapter 1/1 : Average number of neutrons released from fission [6] [46]

rises particularly for
pu with a typical yield of 3 neutrons per
fission.
The isotopes behave thus differently in terms of their ability to fission
at different neutron energies and in the number of neutrons emitted per
fission. A quantity of plutonium can therefore be referred to in terms of
"total plutonium" [Pu(T)J, which is the mass of all isotopes present, or
as "plutonium equivalent" [Pu(E)], which is a measure of the mass of
239pu with the same fission-neutron yield characteristics.
3. SPECIFIC ASPECTS IN MOX FUEL PRODUCTION

Plutonium extracted from thermal reactor fuel by reprocessing can be incorporated into fresh oxide fuel as a substitute for -"uranium, plutonium dioxide is mixed with natural uranium dioxide, or with uranium dioxide
made from enrichment plant tailings (depleted
-^U) or recovered uranium from reprocessing spent fuel. The mixed oxide (MOX) product can then
be used either in existing light water reactors instead of uranium fuel or
in specially optimized plutonium burning thermal reactors.
Nevertheless, differences between uranium fuel and MOX fuel have to be pointed out, moreover the radiological impact of the plutonium recycle [7], [8],
[91The neutronic properties of the MOX fuel will differ from that of
uranium oxide fuel and this can affect the physics of the reactor and its
control.
The factor is the difference in the neutron absorption and
emission of plutonium compared with that from uranium. Plutonium has much
higher neutron absorption, it emits fewer delayed neutrons and shows considerable variation in fission neutron yield at low incident energies.
These characteristics reduce the effectiveness of the conventional control systems in a PWR optimized for uranium oxide fuel. Detailed studies
show that such reactors can take up to 30 % of their fuel in the form of
mixed oxide without necessitating any design modifications.
14

Nevertheless it is not possible to adopt a single mixed oxide fuel composition for use throughout the reactor and variable plutonium oxide con-

tents are needed in different regions of fuel assemblies. The overall
core can then be managed so that its neutron flux distribution resembles
that in a wholly uranium oxide fuelled core, with a few modifications in
the operational limits.

The safety criteria are often easier to meet if

a few control rod assemblies are added to the reactor.
Differences between MOX fuel and U-fuel lie also in design characteristics of the fuel such as thermomechanical properties and in the fuel
assembly nuclear characteristics [10], [11].

The usual mixed oxide fuel production process does not differ a
broad outline from the UÛ2 fuel production process, when one analyses
both of them starting from the oxide powders. Indeed, both fuels are
usually fabricated by pressing and sintering into cylindrical pellets,
which are clad afterwards with canning tubes welded at both ends. The
main difference between the two processes moreover the fact that the plutonium bearing materials have to be handled in glove boxes [12] is at the

starting powder head end : reception of powders and powder preparations
(head end of MOX process). Indeed, the MOX fuel production process head
end has to take into account the following main criteria :
- The starting materials must be as dust free as possible and the powder
handling steps must be reduced in number and simplified to allow mechanization and to minimize personnel exposure doses;
- The MOX obtained must be homogeneous for thermomechanical behaviour of

the fuel and solubility consideration as far as reprocessing is concerned;
- The feed materials have to be well known, well characterized to be able
to produce the specified Pu enrichment.
For the reprocessor [13] the main differences between UU2~LWR and
MOX fuel assemblies result from the composition of the core material
before and after the irradiation.
The -"u and plutonium content
that can be encountered in a pressurized water reactor (PWR) assembly of
both types submitted to a burnup of 33.000 MWd/t could face the reprocessor with solubility of MOX core material in nitric acid, possible necessity of separate reprocessing campaigns due to the isotopic composition
of residual uranium and plutonium in MOX spent fuels and in the UU2~LWR
fuel, the criticality problems associated to the high plutonium content
of the MOX fuel.

Finally, problems with wastes management [14]
[19],

storage [20]

[15]

[16]

[17]

[18]

of PuU2 and MOX assemblies, safeguard aspect [21]

[22] [23] [25] and transportation [10] have also been studied and solved.
The implications of these specific aspects of MOX fuel are outlined hereafter along the descriptions of the processes set up and associated controls.
4. MOX FUEL PRODUCTION STEPS

4.1. Summary of MOX powders and pellet processes
The fabrication of MOX pellets from the feed materials consists of
different processes (Fig. Chapter 1/2); the same way is followed for MOX
pellets :

a) production of feed materials
b) MOX powder preparation
c) pellets fabrication.
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Feed Material: Powders

Feed Material: Solutions
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U02

Powder

(U,Pu)02
Powder

UOz-PuOi Powder

Fig. Chapter 1/2 : Production Schemes in Practice for Manufacturing of Binary Oxides [31]

Since the characteristics of the MOX pellets are determined by the powder
properties, controls are performed not only on the end product (pellets)
but also on the intermediate product.
4.2. Feed materials conversion : U, Pu, Scraps
4.2.1. Uranium
U02 feed material is issued from the same conversion and
conditioning process (ADU; AUC; IDR; peroxide) as is used for UÛ2
fuels (see app. B-4, section 1 of réf. 24). Typical UC>2 Powder
specification is given in [26].
Uranium can also be utilized for mixing in the liquid phase with
plutonium.
4.2.2. Plutonium
PuC>2 comes out of the tail end of the reprocessing plant.
When used as PuU2 Powder the last steps of the conversion are very
important for the PuC>2 characteristics.
They are mainly precipitation - filtration - calcination - homogeneization and lot definition.
Typical PuC^ Powder specification is given in [ 2 7 ] ,
Plutonium can also be used in the liquid phase with uranium.

4.2.3. Scraps

Green and sintered scraps entering in MOX fuel have also to
be characterized.
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4.3. MOX powder preparation

From the early mixing step, important characteristics are already
fixed such as enrichment, macro and micro homogeneity, outlining the importance of the head end process.
Basically, four mixing procedures are possible :
a) the direct co-conversion to (U,Pu)02 starting from a mixed (U,Pu)
solution, where the plutonium content is easily adjusted by combining
solutions of different enrichments;
b) the direct mechanical mixing, where plutonium dioxide powder is blended with uranium dioxide;
c) a two stage mixing, with the first step, the preparation of a master
blend of intermediate plutonium enrichment, mixed with pure UC>2 *-n a
second step;

d) a mixed application of these procedures.
The choice between these three procedures depends on consideration of
criticality, reprocessing (solubility of the pellet), non proliferation
or simply of cost.

In what concerns the final product, the co-precipitation shall lead to a
very homogeneous material with a structure quite comparable to that of
pure U02» industrial MOX fuel production plants chosing the dry route
promotes uranium-plutonium interdiffusion in the mixing and sintering
steps.

4.3.1. Direct Co-conversion
The main processes studied today are :
1) Coprecipitation
2) Codenitration
3) Pressurized aqueous reduction
4) SOL-GEL
5) AU-PuC

4.3.1.1. Co-precipitation
The most common way to coprecipitate uranium and
plutonium from mixed nitrate solutions is by means of ammonia. The precipitated mixture of ammonium diuranate plutonium hydroxide gives, after calcination, a mixed oxide powder. This material is a very fine powder; and therefore an
important radioactive contaminant.

4.3.1.2. Co-denitration
This process is based on the direct denitration of
mixed uranium and plutonium nitrate solutions. The product
obtained is a mixture of UO^ and PuU2> which must be
reduced in order to obtain the mixed dioxide powder,
(U,Pu)02.
The codenitration technique in fluidized beds is
well-known, and has been applied to the preparation of UÛ2
powders. This process has the advantage of avoiding large
amounts of liquid wastes. Nevertheless, the process is generally recognized as producing powders which are not active
during sintering, and is therefore not suited for the preparation of fuel pellets in accordance with current specifications.
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The co-conversion process using a micro-wave heating
method is the simultaneous conversion technique from Pu-U
nitrate solution to (Pu, U)02 Powder [27]
[28],
The co-conversion process using a micro-wave heating method has many
advantages, such as good powder characteristics of the product, good homogeneity of Pu-U mixed oxide, simplicity of the
process and minimum liquid waste.
The outline of this process is shown in Fig. 1/3 and as followed : Pu-U
nitrate solution is directly de-nitrated into
Pu02~U03 by micro-wave heating.
De-nitrated product is
subsequently calcined and reduced, and crushed into Pu02 ~
U02 Powder with a particle size of 100 xum or less. The
off- gases generated in the co-conversion process are treated
by the scrubber and then passed through the filter, while the
waste solutions are evaporated and precipitated.
4.3.1.3.

Co-conversion
(PAR)

by

pressurized

aqueous

reduction

Chemical reduction of uranyl nitrate under pressure
(20 kg/cm^) and at a temperature of about 200°C reduces uranium (VI) to uranium (IV),
converts nitrates to volatile compounds and water, and yields oxide powder capable of being
pelletized. This type of one-step process would give an active powder without any subsequent raicronization. However, for
the conversion of mixed uranium and plutonium nitrates, high
temperatures and pressures are necessary, and the safety
requirements seem too troublesome to make this process
attractive.
4.3.1.4. SOL-GEL

The SOL-GEL type process consists of injecting into
an appropriate environment (for
example, ammoniacal environments) droplets of mixed uranium and plutonium nitrates to
prepare microspheres by gelling coprecipitated uranium and
plutonium salts inside the droplets, thus producing "powders"
with plutonium homogeneously distributed. The microspheres,
whose diameters may be reproducibly controlled in the range
100 to 400 Aim must be washed, dried, calcined and reduced.
They are then in the form of very regular oxide microspheres
with very smooth surfaces, and are strong enough to stand up
under subsequent manipulations.
4.3.1.5. AU-PuC

For the AUPuC co-conversion process (Fig.
Chapter
1/4),
plutonium nitrate and uranyl nitrate are mixed and oxidized [30]
[31],
Then in analogy to the AUC conversion process the precipitation, filtration and calcination is performed.
The chemical equations are :
1) for the precipitation of AUPuC :
(U,Pu)02 (N03) + 6 NH3 + 3 C02 + 3 H£0 ~~~*
(NH4)4 t(U,Pu)02 (C03;3] + 2 NH4NQ3, and
2) for the calcination :
(NH4)4 [(U,Pu)02 (C03)3] + H2 —*
(U,Pu)02 + 4 NH3 + 3 C02 + 3 H20.
The resulting (U,Pu)02 Powder exhibits a complete solid
solution of uranium and plutonium oxide and a particle size
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Chapter 1/4 : Typical example of "dry" route

distribution and particle morphology comparable to U02 Powder from the AUC conversion process. The co-converted MOX
powder shows good flowability properties, high sintering activity, low impurity content and leeds to MOX pellets with a
solubility of 99 %. The powder properties are controlled by
the process parameters of the precipitation and calcination
steps.
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4.3.2. Dry-route
Head end processes have evolved over the years starting from
the direct mechanical mixing to improved mixing steps.
4.3.2,1. Direct mechanical mixing process (Fig.

Chapter 1/4)

The fabricaton process chosen 15 years ago to design
a plutonium plant was derived from those applied at that time
for UC>2 fuel production.
The control of the specified plutonium content in MOX powder
blends was obtained by dosing and weighing the required
amounts of non free flowing PuC>2» free flowing UC»2» and
(U,Pu)02 scrap powders [22],
After weighing, the feed materials are fed into a blending
equipment.
The so-called "reference" or "traditional" MOX fuel process,
produced by direct blending of PuC^ > free flowing UC>2
powder and scraps, results in a dispersion of Pu-rich particles of various sizes embedded in a UÛ2 matrix.
This
structure provided for high thermal conductivity (practically
unaffected by the presence of Pu), dimensional stability (due
to the low rating of the UC^ matrix) and good accommodation
capabilities (resulting from the plasticity induced by the
high power rating in the Pu-rich particles).
This fuel type was abandoned in the 80's, as a result of the
contraints arising mainly from the reprocessing industry,
problem related to Pu dissolubility. Indeed, when non-irradiated MOX fuel was dissolved under the reprocessing conditions later implemented by the reprocessing industry, the
residue was excessively high in Pu content. Moreover, after
irradiation at 34 GWd/t at a linear heat generation rate of
340 W/cms 5 % of the Pu still remained as a solid residue
after dissolving in hot nitric acid. A co-milling of the
PuU2 with all or part of the UÛ2 was incorporated in the
process to remedy this problem (cf. 4.3.2.2).
4.3.2.2. Direct co-milling process
In this type of process, the whole
charge is co-milled in order to give a good structure and
homogeneity in the final pellet, as well as good solubility
(0.34% insoluble on average). The co-milled powder is forced
through a sieve to provide the feed granules, which after
lubricant and porogen addition are pelletised in the normal
way.

4.3.2.3. Two stages mixing process (Fig.

Chapter 1/5)

In order to promote uranium-plutonium interdiffusion, one has to increase the interfacial area between uranium and plutonium, i.e. one reduces the plutonium crystallite size. This is obtained by co-milling in a ball mill of
U02> PuC>2 and scraps (master blend), until the particles
are sufficiently fine to yield an homogeneous (U,Pu)U2
solid solution during the high temperature sintering [2] [10]
[14]
[22] [32] [33] [34]. This fine milling step is called
micronization. The master blend can be produced at a prefixed Pu concentration (20-40 % Pu/U+Pu) and then subsequent-
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Fig. Chapter 1/5 : Typical examples of "dry" route
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ly diluted by blending with free flowing UC>2 Powder to
reach the specified enrichment; for free flowing purpose
other process used a granulation step (see par. 4.4.1.).
This process has many advantages :
- it allows the recycling of large amounts of scraps;
- it allows during the micronization step and the secondary
blend a two stages cross blending of the different constituents.
- it offers an improvement in the homogeneization of the Pu
isotopic composition. Plutonium is delivered to the MOX
fuel fabrication plant in rather small batches (20 to 60
kg), whose isotopic composition can sometimes be very different. On the other hand, MOX pellets have to meet specified requirements relating to the equivalent plutonium content at a reference date. For this purpose the fuel designer develops so-called equivalent factors enabling the comparison and compensation of the different plutonium isotopes.
However, starting from small plutonium batches, if
such a compensation had to be performed without any plutonium homogeneization, one specified equivalent plutonium
content would practically correspond to a large number of
total plutonium contents. Such a procedure would significantly increase MOX fuel management in the fabrication
plant and in the reactor as the different plutonium isotopes may have various influences depending on the reactor
characteristics and the time period taken into account. In
order to avoid such a problem, the plutonium isotopic composition is now homogenized by a single or a double cross
blending performed at the micronization step and during the
secondary blending.
- it allows the fabrication process to better accommodate
itself with different fresh powder batches and scraps and
also improves MOX fuel quality control results.
- finally though the co-milled material is not free flowing
it can be homogeneously mixed to free flowing UOo Powder
which becomes the flowable MOX press-feed powder without
any granulation step, other process used a precompaction
granulation step (see par. 4.4.1.).
4.3.2.4. Additives addition
Some additives are generaly added to the mixed oxide

powder; they are mainly : lubricant and poreformer.
The lubricant has to be added just before pressing to avoid
decomposition due to temperature rising initiated by Pu self
heat generation.
Such difficulties are now being solved
using either lubricants with higher melting points or autolubrication press tools.
The addition of poreformer will have influence on the porosities and the density of the pellets. The use of poreformer
has a pronounced blocking effect on the total density.

4.4.

Pellet fabrication

Fabrication process of MOX pellets is similar to that of UOo Pellets (see chapter B4, section 2 of réf. 24). Typical specifications are
given in [35].
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4.4.1. Precompaction granulation
The powder so obtained is a mixture of free flowing and not
free flowing powders [36]; some typical processes add a precompaction granulation operation, dry or wet route (Fig. Chapter 1/6),
other typical processes avoid these steps and the blended powders
are directly subjected to the pelletizing (Fig. Chapter 1/5, Chapter
1/6).
4.4.2. Pelletization
The homogenized powder is transferred to the presses and fed
into the dies.
The wall of the dies are automatically lubricated with a thin film
of oil or with lubricant incorporated in the powder just before
pressing. The setting of the press parameters is mainly based on the
UÛ2 Performance test (green density versus sintering density)
taking into account that the pressence of PuC>2 lowers the sintered
density.
The green pellets must be perfect with respect to their surface condition and microstructure and must show great strength.
The green density has to be carefully controlled to minimize variation of the characteristics of the sintered pellets.
4.4.3. Sintering

The green pellets are loaded into molybdenum sintering boats
and sintered in continuous furnaces or batch furnaces under reducing
controlled atmosphere of non-burnable mixture of hydrogen with nitrogen or argon at temperatures of about 1700°C.
The sintering conditions have to allow production of LWR pellets
according to specification; the main characteristics related to this
step are the density, the thermal stability, the solubility, 0/M,
H 2 content and microstructure.
The main parameters which control the sintered pellet characteristics are :
a) the sintering conditions : temperature atmosphere, boat loading,
time;
b) addition of sintered scrap and poreformer;
c) green density;
d) properties of the mixed powders and/or low sinterable UC>2 •
In practice the sintered pellet characteristics are adjusted by
measures mentioned in d) herebefore.
4.4.5. Centerless grinding
See chapter B-IV,

section 2.4. of réf.24.

5. QUALITY CONTROL PLAN

The QC plan, sometimes referred to as QC schedule, must take into account
the technological development state and industrial experience acquired; it

is furthermore related to the kind of process, the equipment and the
throughput of the plant. No general plan can therefore be outlined within
the scope of this book. The data given here are based on a plant with a
capacity up of a few 10t MOX/Year working with homogenized powder lots or a
few 100 kg MOX.
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Table Chapter I/V

Example of Quality Control Plan UC>2 Powder
from the AUC conversion process

Specified
Character! sties
UÛ2 Powder

Specified Values or
Tolerance Limits

Scope of
Testing1)

Enrichment
(235U content)

up to L w/o 235u
: + 0.015 w/o
>1 w/o to 2 w/o 235U : + 0.020 w/o
y/2 w/o to 5 w/o 235U : + 0.050 w/o

1/H

0/U ratio
U content

0/U between 2.05 and 2.252)
U content ^86. 8%

1/H

Impurities '

H20
F
Cl
Ça
Fe
Ni
Si

1/H

^'4000 ppm
< 100 ppm
-è 15 ppm
^ 100 ppm
<: 100 ppm
r< 50 ppm
<; 100 ppm

Specific Surface Area
(BET)

5.5 + Im2/g

1/H

Bulk density and
vibrated density

2.0 + 0.5
not specified

1/H

Performance test
(sinter characteristic)

given by a reference curve

1/H

Remarks : 1) H = homogenized powder lot (a few tons)
2) individual agreement
3) weight ppm related to U
The QC plan can be simplified when sufficient experience has been acquired,
when the reproducibility of the process has been demonstrated and when key
characteristics for monitoring and verifying the reproducibility of the process have been delineated. This applies not only when a new process is
implemented but also when the process parameters or some equipment or pieces
of equipment are modified.
The QC plan can be implemented in three successive stages :
- In the initial period (development, commissioning and production of demonstration batches), every process parameter is monitored and all characteristics of the intermediate and final products are measured.
- In the next period (qualification of batches), selected process parameters
are monitored and key characteristics of the products (intermediate and
final) are controlled on a very conservative sampling basis, e.g. to a
high confidence level, since the variability of the product is not known.
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In the final period (routine fabrication), key process parameters are
monitored and recorded as integral QC constituents and the only quality
controls on the product are those specified by the customer and those
found to be essential for ensuring proper application of the next processing steps. The QC plan can be reduced, since the variability of the product is known.
5.1.

QC plan for UF6

See chapter B-4, section 3.1. of réf. 24.
5.2.

QC plan for U02 and Pu02 Powders

From the outlines of the conversion processes and the influence of
the powder characteristics on the mixed powders and pellets it becomes
clear that strong emphasis has to be put on quality assurance by control
of process parameters. The chemical, microstructural and physical properties of the material are measured and correlated with the processing
parameters. On the other hand, the routine quality control of the product
(including the frequency of sampling) could be considerably reduced, on
the basis of extended process control and fabrication experience. Nevertheless, to avoid repetition of sampling and analysis the principle of
homologation and qualification of subcontractor is widely applied. The
qualification will include the tail end steps procedures such as homoge-

neization, weighing, lot definition as well as the control procedures for
the powder characteristics which are mainly :
- isotopic composition
- metal content
- ^Am content when plutonium oxide is concerned
- moisture content
- stoichiometry
- impurities and EEC (equivalent boron content)
- granulometry

-

specific surface area
gamma activity
specific process conditions such as calcination temperature of PuC>2
lot definition and reproducibility within each lot and from lot to lot
continuous or discountinuous sampling
performance tests (compressibility, sinterability)
resintering test for UÛ2 for instance.

After qualification of subcontractor the reception steps are always performed at the supplier's plant and a spot-check is performed at the delivery plant on samples or on the material itself by bulk measurement. For
plutonium oxide, non destructive testing by neutron assay of cans is routinely performed at the delivery plant [37].

Finally it is to be noted that for hygroscopic materials special procedures for determination of metal content are used [38] . This procedure
takes into account the weights change versus time so that the reception
result of metal content can be used at any time.

Such a calculation

minimizes also safeguard problems related to shipper/receiver differences.
5.3.

QC plan for MOX powder
5.3.1. QC plan co-converted mixed MOX
From the outline of the co—conversion processes.
Pu content, U content, Pu isotopic composition, U isotopic

composition and impurities are analized on a solution from reproces-
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Table Chapter I/VI : Example of Quality Control Plan of (Pu,U)02 Powder
Material

Frequency of testing

Analysis

The co-conversion
process using microwave
heating method

(Pu,U)02 Powder

1 specimen per
powder lot

Pu content, U content
0/M ratio, moisture,
Ag, AI, B, Ca, Cd, Cr,
Cu, F, Cl, N, Fe, Ni,
Mo, Pb, Si, Mg.

Specific Surface Area
(BET),

Mean Particle Diameter,
Bulk Density and Tap
Density

1 specimen per
solution lot

Enrichment (235U),
Pu isotopic composition,
2 1

^ Am, Dy, Eu, Gd and Sm

sing plant or other plants. These values are not only checked on
quality control basis but also on a shipper-receiver relation basis.
The chemical and physical properties of the material are measured
and correlated with the processing parameters. On the other hand,
examples of the routine quality control plan of MOX powder and that
for co-conversion process are shown in Table Chapter 1/VI. Methods
for QC of MOX powder are outlined in section 6.
5.3.2. QC plan for co-milling
The QC plan for the MOX powder prepared by co-milling can be
limited to the verification of the calculation of the blend and at
the begin of each lot a sample for Pu/(U+Pu) determination and isotopic composition. Bulk measurement can also be foreseen.
5.4. QC plan for MOX pellets
Concepts and purposes of QC plan for MOX pellets are fundamentally
the same as those for U02 Pellets (see chapter B-4, section 3.3. of
réf. 24). Nevertheless, additional QC items are required for MOX pellets
(Table Chapter 1/VII) :
- heavy metal content ratio and enrichment expressed as isotopic composition of U and Pu, fissile Pu content, fissile U content, fissile content at reference date, equivalent fissile content at reference date to
take into account the decay of plutonium isotopes;

- plutonium homogeneity : macroscopic distribution of Pu in individual
pellet and microscopic Pu distribution specifying the maximum allowable

diameter of Pu particles;
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Table Chapter I/VII : Example of quality control plan of UC>2~Pu02 pellets
SPECIFIED CHARACTERISTIC

SAMPLING LOT

Gravimetry

Stoichiometry and (U+Pu)
content

2)

Pu

fisscontent

_ _ _
~B,~Gd",~~Ccf, Co, Th, Al,
Pb, Cr, Cu, Mg, Mn, Mo,
W, Si, V, Zn, Sn, Bi, In,
Dy, Eu, Sm
Ça, Cl, Fe, Ni, F, G, N

ANALYSIS

see text

Spectrographic or wet
chemical method.

2)

Residual gas and hydrogen
Pu content

Hot extraction coulometry.

Density

AQL

Thermal stability

S

Microstructure (pore
structure and average
grain size)

S

D

D

Geometrical method and
calculation.
Annealing and density
measurement.

Ceramography
(lOOx and 400x)

Pu distribution

s1)

Pu solubility

B

Surface condition

AQL

Visually, comparison
with standards.

Roughness

AQL

Roughness tester or
visual assesment.

Diameter

AQL

Geometrical or optical
methods.

Length

AQL

Orthogonality

AQL

Pellet end face geometry

AQL

2)

Alpha-autoradiography
(10x)
Solubility test

Remarks : 1) S = Sintering lot
2) B = Blending lot
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- H£ content.
For Zircaloy cladded LWR fuel one main specified requirement is the
limitation of the hydrogen content. Compared to the UC>2 fuels, special attention has to be paid during mixed oxide fuel fabrication. As
a matter of fact it has been observed that understoichiometric mixed
oxide fuel pellets show the tendency to be oxidized by water at room
temperature while the remaining hydrogen is bound in the matrix. To
meet the specified requirement, appropriated sintering conditions and/
or high temperature heat treatments have to be defined.
- density and thermal stability.
For light water reactor fuels two characteristics that are relatively
stringently connected with eachother are the pellet density and the
thermal stability. The thermal stability is generally defined as the
density increase of the pellet after resintering at 1700 +30/-0°C for
24 hours under dry gas atmosphere without a significant change of the
0/M-ratio.
- Pu solubility.
The requirement comes from the reprocessor.
The Pu solubility is defined by :
, .. Pu mass not dissolved.
< l ~ Pu mass in the sample) x

, nn ,„
° ^mass

10

,.

fractlon

.

>•

Moreover it is to be pointed out that the definition of the lots and the
lot sizes are very important taking into account, on one hand the various
lots of the feed materials used to prepare the MOX powder, and on the
other hand the confidence level required by purchaser to assure a quality level. This is the reason why a formal detailed QC plan is always
requested by the purchaser including moreover the characteristic, its
specification, the confidence interval, the lot size and the type of samples : individual or composite representing different pellet lots. The
sampling rate and testing frequency is statistically related to these lot
sizes and sample types.

6. QC TECHNIQUES FOR MOX POWDER

6.1. Uranium and plutonium isotopic composition
The requested isotopes are 23/tU, 235U, 236U, 238U, and
238PU) 239pu> 240pu> 241PU) 242pu and 244pu<
(Pu,U)02 Powder is dissolved in nitric acid and then, uranium and plutonium are reparated and purified from other element by anion exchange
purification.
The uranium and plutonium fractions are individually mounted and dried on
rhenium filaments. Tungsten and tantalum filaments may be substituted
with minor modifications in the procedure. The prescribed ion beam and
intensity are obtained, the spectrum is scanned, the peaks are recorded,
and the relative abundances of the isotopes are calculated.
Remarks
- Two isotopes of plutonium,
u aru} 241pu> can ^e subject to
interference, 3°Pu, low abundant in Pu samples, coincides with
abundant J°u in poorly separated U-Pu samples.
To overcome the
interference of 238u, 23°pu content is determined by alphasriectrometry.
- 24lpU) with its relatively short half-live of 14,33 years, suffers
from the interference of ^^Am, its daughter product.
- The isotopic composition of Pu is therefore measured as soon as possible after an adequate separation of ^Am and U, at least within
one week.
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Table Chapter I/VIII : Determination techniques of 0/M ratio
1. Wet chemical methods.
(a) Titrimetric method
(b) Coulometric method

+ 0.003
+ 0.003

2. Dry methods
(a) Gravimetric method

+ 0.003

(Pu, U)0
xX

9no°r
UU

>(Pu, U)02+y
Oxidation
^*

9no°r

UU

> (Pu, U)02
Reduction
^

(b) Inert gas fusion method
(Pu, U)0X + C + flux

+ 0.008
8Q OC

° V

CO + (Pu, U) FLux

Co is determined directly by NDIR method

(c) X-ray diffraction
(d) X-ray fluorescence

+ 0.005
+ 0.006

6.2. Oxygen to metal atom ratio
Of the many different techniques in use (see Table Chapter I/VIII),
three dry methods are discussed below in more detail. Inert gas fusion
method and X-ray fluorescence method have the advantage of rapid analysis.
The principle of wet chemical method is in common, that is to determine
both the uranium and plutonium content of the sample independently and
then the 0/M ratio is calculated from these values. Wet chemical method
to determine the 0/M ratio of MOX powder is more complicated than that of
U02 Powder.

6.2.1. Gravimetric method
The sample is weighed before and after heating under conditions that produce a stoichiometric oxide (ratio = 2.000).
These conditions are heating at 750°C in air for 1 hour and at 800°C
in (N? + H2) for 4 hours.
The 0/M ratio is calculated from the weight change.
Interferences : volatile impurities
6.2.2. Inert gas fusion method
The MOX sample is heated in a graphite crucible with flux
(i.e. Ni, Fe powder) in an inert gas atmosphere (Ar) to temperatures
higher than 2500°C.
Total hydrogen, nitrogen and oxygen as CO gas are released.
After the interfering hydrogen and nitrogen have been separated from
CO through molecular sieve column, the CO is measured by NDIR detector.
The 02 content is calculated from the CO content. After
plutonium content of the sample is determined by other method, the
0/M ratio is calculated from the 02, plutonium and uranium content.
Interferences : moisture
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6.2.3. X-ray fluorescence
The plutonium, uranium and oxygen content are determined
simultaneously by X-ray fluorescence.
The 0/M ratio is calculated from these values.
Interference : moisture

6.3. Uranium content

See chapter B-4, section 4.3.2. of réf. 24.

6.4. Plutonium content

Of the many different techniques in use, three wet methods are discussed below in more detail.
6.4.1. Potentiometric titration method
(Pu,U)C>2 sample is dissolved in a mixture of nitric acid
and a small amount of HF acid. The plutonium is oxidized to Pu (VI)
by addition of silver nitrate and ammonium persulfate. By means of
adding the certain amount of Fe (II) standard solution, Pu (VI) is
reduced to Pu (IV). Then, the plutonium content is determined by
titrating of excess Fe (II) with Ce (IV) standard solution.
Fe(II) standard solution should be always standardized with Ce(IV)
standard solution before titration and of course, Ce(IV) standard
solution should be also standardized with K^1^^? standard
solution.
Interference : Cr
6.4.2. Secondary controlled potential coulometric titration
An accurately weighted sample is dissolved into a HNC^-HF
solution and than oxidated to Pu (VI) in presence of AgO. This
solution is added to the electrolyte which consists of a coulometric
reduction of the Fe (III) (excess)-Fe (III) solution. The millicoulombs consumed by coulometric oxidation of the Fe
to Fe
are registrated.
The known dilutions during preparation and the amount of chemical
oxidation-reduction
of
Fe2+
by
Pu022+
to
Fe3+
and
Pu
allow the calculation of the amount of Pu present in the
sample.

6.4.3. Controlled-potential Coulometry [39] to [45]
The MOX sample is dissolved in a mixture of nitric acid and a
small amount of HF acid. The solution is dried up to evaporate excess nitric acid and HF acid. Sulfuric acid electrolyte is added to
and sulfamic acid should be added to destroy any nitrites which
would cause interference.
After the electrolytic conversion, of Pu (III) Pu (IV) is carried
out, the mass of plutonium can be calculated from Nernst's equation
and Faraday's law.
Other electrolytes may be used, for example, IM HCL, IM HNO^ and
IM HCLO^. with minor modification in the procedure.
Interference : Iron
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6.5. Water content
See chapter B-4, section 4.4. of réf. 24.
6.6. Fluorine and chlorine content
6.6.1. Determination of fluorine and chlorine by the pyrohydrolysis/
spectral photometric method
See chapter B-4, section 4.5.1. of réf. 24.
6.6.2. Determination of fluorine and chlorine by the pyrohydrolysis/
ion-selective electrode method
See chapter B-4, section 4.5.2. of réf. 24.
6.6.3. Determination of fluorine and chlorine by pyroghydrolysis/
HPLC (High Performance Liquid Chromatography)
The MOX powder is pyrohydrolysed at a temperature of 9501100°C in a stream of wet oxygen. Fluorine and chlorine are volatilized as acid, absorbed in a buffer solution, and measured with high
performance liquid chromatography.

Table Chapter I/IX : Determination techniques of metallic impurities

1. Dry method

(a) Emission spectrochemical method
(b) X-ray Fluorescence
2. Wet method
(a) Atomic absorption

(b) ICP
(c) DC plasma

6.7. Metallic impurities
Of the many different techniques in use (see Table Chapter I/IX),
one dry method is discussed below in more detail.
Wet methods require the separation of impurities from plutonium and uranium by means of solvent extraction or ion exchange separation techniques. Dry method requires less labor per analysis than wet methods.
6.7.1. Determination of metallic impurities by the emission spectrochemical method with carrier distillation
The
(Pu,U)02
sample
is converted
to Pu02~U3Og
at
850°C for 1 hour, and then homogenized by a mortar grinder or a
mixer mill.
A weighed portion is taken, mixed with spectrochemically pure
carrier, e.g., gallium oxide or mixture of lithium fluoride and lanthanum oxide.
The metallic impurities are determined by carrier
distillation method.
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Care should be taken to ensure that the standard is homogeneous and that the uranium and plutonium ratio is the same as the
samples to be analyzed.
But in general, it is very difficult to
obtain plutonium standard for impurities analysis, alternative
method is as follows :
- in the case that Pu content is less than 5%, it is no problem to
use U^Og standard and to analyse as the same procedure as
UC>2 Powder;
- in the case that Pu content is more than 5%, the sample should be
diluted with pure l^Og t o remove the effect of the plutonium
spectral line before analysis.
The density and particle size of the standards should closely
approximate that of the sample.

6.8.

Nitrogen content
6.8.1. The modified kjeldahl method
See chapter B-4, section 5.1.4b of r é f . 24.
6.8.2. Inert gas fusion - TCD method (Thermal Conductivity Detector)
The MOX sample is heated in a graphite crucible in an inert
gas atmosphere to temperatures higher than 2500°C. Total hydrogen,
nitrogen, and oxygen as CO gas are released. After hydrogen, oxygen
and CO gas have been separated one another by means of gas Chromatograph, and then the nitrogen can be measured by a thermal conductivity detector.
6.8.3.

Determination of nitrogen by the

ion

selective

electrode

method

The sample is dissolved in hydrochrolic acid (or mixture of
phosphoric acid and sulfuric acid). The resulting solution is made
strongly alkaline with sodium hydroxide solution and nitrogen is
separated as ammonia by steam distillation. The distillate is collected in very dilute sulfuric acid solution and nitrogen is measured with ammonium ion selective electrode.

6.9.

Surface area
See chapter B-4, section 4 . 7 . of r é f . 24.

6.10.

Flowability

See chapter B-4, section 4.8. of r é f . 24.
6.11.

Bulk density, tap density, vibrated density

See chapter B-4, section 4.9. of r é f . 24.
6.12.

Granulometry

See chapter B-4, section 4.10. of réf. 24.
6.13.

Compressibility and sinterability
See chapter B-4, section 4.11. of r é f . 24.
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6.14.

241Am determination in Pu-solutions by gamma- r ay- spec t r omet r y

A low energy photospectrometer is calibrated with
Am reference solutions. An aliquot of the sample solution is prepared to achieve identical geometry and density and a similar activity level
as the reference solution. Using the 59.54 KeV photopeak the activity of
2^Am in the sample is measured and the quantity of
^Am is
calculated with the calibration factor.
The accuracy on the counting statistics is below 0.8%.
The over-all curracy on the measurement is + 2% at the 95% confidence level.

7. QC TECHNIQUES FOR MOX PELLETS

7.1.

Chemical and isotopic composition
7.1.1. Uranium and plutonium isotopic composition
See section 6.1.
7.1.2. Oxygen to metal atom ratio
See section 6.2.
7.1.3. Uranium content
See chapter B-4,

section 4.3.2. of réf. 24.

7.1.4. Plutonium content

See section 6.4.
7.1.5. Non metallic impurities (F, Cl, N, C)
a) Fluorine and chlorine

See section 6.6.1.
b) Nitrogen

See section 6.8.
c) Carbon
Direct combustion followed by either thermal conductivity
or titration as a detection method.
See chapter B-4, section 5.1.4. (c) of réf. 24.
Direct combustion followed by IR (infra-red) as a detection
method.
Powdered samples are mixed with an appropriate accelerator
(e.q. tin, iron powder) in a crucible. The crucible is placed within an induction-heated furnace and burned in a stream
of oxygen. Carbon monoxide and water vapour are released.
The carbon monoxide tent is calculated from the CO content.

7.1.6. Metallic impurities
See section 6.7.
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7.1.7. Residual gas content
Determination of the residual gas content by high-temperature
extraction.
A weighed sample is transferred into the outgassing section
of the apparatus (initial vacuum in cold condition) in a position
for subsequent dropping into a tungsten or molybdenum crucible.
The crucible without the sample is outgassed at about 1600°C until
the gas released from the empty crucible during a 30 min. collection
period decreased to less than 0.01 cm at STP conditions. The sample is dropped into the crucible at min. 1100°C for 30 min. The
released gas is collected in a McLeod manometer. From the measured
pressure the gas volume of the sample can be calculated at STP conditions assuming that the released gas is ideal.
7.1.8. Total hydrogen content
a) Determination of total hydrogen content by hot vacuum extraction

See chapter B-4, section 5.1.7. (a) of réf. 24.
b) Determination of total hydrogen content by inert gas fusion
See chapter B-4, section 5.1.7. (b) of réf. 24.
c) Determination of total hydrogen content by high temperature extraction - TCD method (Thermal Conductivity Detector)

According to the same procedure for residual gas content
analysis (see section 7.1.7.), the released gas is collected
in a McLeod manometer. Then, Ar carrier gas is introduced
into the system and the gas collected is mixed with this Ar,
and the hydrogen gas is separated with other gases by means
of molecular sieve column. The hydrogen is measured by TCD.
d) Determination of total hydrogen control by extraction at
900°C by inert gas sweeping
HoO and Ü2 are extracted after oxidation of Ü2 to
E^O by CuO the ^0 is determined by coulometric analysis.

7.2. Density and microstructural characteristics

7.2.1. Density

See chapter B-4, section 5.2.1. of réf. 24.
7.2.2. Thermal stability (re-sintering test)
See chapter B-4, section 5.2.2. of réf. 24,
7.3. Microstructure
See chapter B-4, section 5.3. of réf. 24.
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7.4. Homogeneity
Alpha autoradiography and microphotograph analysis.
Pellets are mounted in a resin, sectioned or ground, and polished. The
polished surface of the pellet should be a plane surface and show no
rounding. Cellulose nitrate is etched in NaOH solution and rinsed with
water. Plutonium spot size is evaluated with microscope and measured
from microphotograph.
If the measurement through a mylar foil and obervation of Pu spot
size is done on the outside of gloveboxes, care should be taken to avoid
alpha contamination of the exposed cellulose. Therefore, for example,
cellulose nitrate is wrapped with polypropylane thin film before exposure.

7.5. Visual appearance and geometry
See chapter B-4, section 5.4. of réf. 36.
7.6.

2 1

^ Am content

See section 6.14.
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Chapter H
QUALITY CONTROL OF MOX FUEL RODS AND FUEL ASSEMBLY
H. ASSMANN, N. MOSTIN, T. TAKAHASHI

1. INTRODUCTION

Substantial objectives of quality assurance (QA) of MOX fuel elements are
the same as those of UÛ2 fuel elements for nuclear reactor, of ref [1]
(Chapter B-5) i.e., the safety of the public and environment, QA programmes,
organization, process records, procurements, identification of material
handlings, storage, process qualification and qualification of special processes.
Nevertheless, for MOX fuel elements, additional care has to be taken to
attain those objectives because there are some basical requirements for MOX
fuel elements and assemblies.
These are as follows :
a) to remove alpha-contamination of plutonium on outer surface of elements;
b) to keep personnel radiation dose rate (neutron and gamma) under the safety level due to plutonium and its daughter americium;
c) to preclude the possibility of a criticality accident.
Therefore, stacking, loading, welding and storage techniques for MOX fuel
elements are more sophisticated than those of UÛ2 fuel elements; new concepts in the field of automation and robotics are developed [2],
The rod manufacturing process can be summarized as follows (see Fig. Chapter
2/1).
1.1.

Pellet column length and loading

Owing to handling problems inside the glove boxes, the fuel pellet
column cannot be composed in one step : division into substacks is required.
Taking into account the variable pellet height, the total stack length is
obtained within +0.5 nominal pellet height and reported or when the
equipment is suitable for that purpose, the fuel rod is loaded and the
plenum length is measured and adjusted to the column length.
The total stack weight can either be calculated from the actual stack
length and the weight per unit length of the pellets, or it can be obtained by simultaneous weighing of several complete pellet stacks on the
trays and then proportioning in the ratio of the individual stack
lengths. The technique applied is chosen with respect to the relevant
specifications.
After pellet sub-stack preparation using computer-assisted mechanical
equipment, pellet loading (see photo) is performed under helium using
special devices to ensure that plutonium contamination of the part of the
cladding tube outside the glove box does not occur.
Where required, fuel rod pressurization and closing of the hole in the
second end plug are performed during a subsequent operation.
1.2.

End plug welding

Very stringent specifications and acceptance criteria have always
been imposed on the fuel rod closure welds. Both the bottom and the top
end plug weld specifications might include some items of the following
ones :
- weld penetration compared with nominal or minimal cladding tube wall
thickness;
- oversize of weld bead;
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Pressurize

Fig.

Chapter 2/1 : Example of a flow diagram of element fabrication process
for MOX fuels
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- inclusions and/or porosities;
- absence of cracks in and around the welding zone;
- weld coloration and autoclave behaviour.
1.3. Rods storage

After various non-destructive controls the MOX fuel rods are stored
in specially designed units till required for subsequent assembling operations, which are fairly similar to those used for uranium fuels.

2. PRODUCT CONTROL

Fuel rod controls are essentially the same as those for UU£ fuel rods.
They are mainly : (see Table Chapter II/I)
2.1. Rod atmosphere

The composition of the rod atmosphere has to be determined by process qualification and monitoring rather than by destructive testing by
puncturing and gas analyis. Consequently, a very reliable process is of
utmost importance.

Table Chapter II/I : Example of QC plan for MOX Fuel element

Method

Main Items
Stack Length

Gauge

Integrity of Welding

Visual Inspection,
X-ray, US

Leak test

He leak Detector

Surface Contamination

Smear Method

Visual

Compared With Standard

Dimension Inspection

Scale, Gauge, X-ray,
rodscanning

Enrichment distribution gaps, fixed.
Alpha Contamination,
enrichment duration
rod identification

Rodscanning

Sampling

100%
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2.2. NDT

- He leak test :
The reference value for the leak rate is commonly fixed at 10~^ cm /s
of helium at STP.
- Radiographie examination :
For each campaign the X-ray equipment is provided with a correction device and standard defects. The technique is correlated with
destructive metallographic examination during the welding qualification and checked during fabrication on test samples. This examination can also establish the position of the spring and the pellet
stack with respect to the top end plug.
- Aspect
Visual inspection is performed to detect the occasional mechanical
defects formed during fabrication (pits, scratches) and to examine
the cleanliness.
- Dimensional
Straightness, overall dimensions and end-plug alignment and concentricity.
- Continuous gamma scanning
.
.
.
.
.
.
.
.
.

The rod scan equipment is generally used for determination of :
distribution of Pu along the rod
total quantity of Pu in the rod
enrichment deirotion
gaps
position and length of spring
fixed alpha contamination
rod length
fuel column length
rod identification verification.

3. PRODUCTION CONTROL OF MOX FUEL ASSEMBLIES

Specific requirements
Two major types of MOX fuel assembly designs have emerged as most appropriate to flatten the power distribution and to optimize the reactivity control :
- the "all Pu" assembly for PWR;
- the "Pu-island" and "all Pu" assemblies for BWRs.
It is moreover to be noted that variable Pu contents are needed in different
zones of final assembly [3],
A further requirement for the MOX fuel assembly is related to reprocessing :
the solubility of the plutonium must be sufficient to allow efficient dissolution of the oxide material. This solubility requirement is expressed at
the assembly level as far as the reprocessor considers the assembly as the
reprocessing unit although analysis are performed at pellets fabrication
stage but evaluate per assembly.
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Control of MOX assemblies
Fuel assembly components and fabrication processes for MOX fuels are fundamentally the same as those for UC>2 fuels (see chapter B-5 of réf. [2],
Fig. Chapter 2/2 and Table Chapter II/II).
Fuel assembling QC plan is fundamentally the same as those for UC>2 fuel
assembly (see chapter B5 of réf. [1] and Table Chapter II/III).
This allows the possibility even to produce and to control the MOX fuel assemblies in UÛ2 fuel assemblies production plant.

Fuel eleaent

Cold components

fabrication

Final assembly

inspection

Storage

Shipping

Reactor

Fig. Chapter 2/2 : Example of fuel assemblies fabrication flow
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Table Chapter II/II : Example of QC plan for MOX Fuel assemblies (Cold

Components)
Main Parts

Main Test

Cladding Tube

Components

Botteia-end-plug

Impurities

Top-end-plug

Tie-plate

Method

Sampling

Chemical Analysis

Sampling according to
sampling tables

Mechanical
Properties

Destructif
Inspection

Sampling according to
sampling tables

Dimension
Inspection

Measuring Device

100 %

Visual

Compared with

100 %

Plenum Spring

Spacer

Standard

Insulator Pellets]
I

Table Chapter II/III : QC plan for fuel assemblies

Method

Main Items

Sampling

Visual inspection

Identification

Compared with drawing

Defect

Compared with standard

Outer surface

Visual

100%

Dimension inspection

Length

Scale

Rod to rod gap

Thickness gauge

Spacer location

Scale

100%
Bowing
Twist
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"I
I Transit method
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Chapter HI
PROCESS AND PRODUCT CONTROL
OF GADOLINIUM BEARING OXIDE POWDER AND PELLETS FOR LWR FUELS*
H. ASSMANN, J.P. ROBIN

1

INTRODUCTION

The utilities interest in extending reactor cycles or in obtaining a
higher burnup has led to higher enrichment levels which in turn have
called for solutions to the problem of neutron flux homogeneity. This
problem was solved in many cases by using an integrated burnable neutron
absorber of Gd2U3 in the 1% matrix, as a solid solution.

Gadolinia is an efficient neutron absorber, and has a burnup rate which
matches the 1)235 depletion.
The utilization of UÛ2 - Gd2U3 pellets started in the beginning of the
70's in the BWR's and a few years later in the PWR's.
The use of UÛ2 - Gd2U3 called for extensive theoretical and experimental
research on the following topics :
- Physical properties of the UU2 - Gd2U3 solid solution : lattice
parameter, oxygen to uranium ratio, thermal conductivity, sinterability
[1J.
- Experiments in research reactors, in order to adjust the computer codes
used in design and core management [2, 3, 4, 5, 6] .

- Economic appraisal of the use of UÛ2 - Gd2U3 pellets [7, 8, 9] .
- Experience gained in reactor operation and improvement in modelling
[10, 11, 12, 13] .
- Manufacturing and Inspection process development [14, 15, 16] .
* Material partly taken from 'Survey of binary oxide fuel manufacturing and quality control' by
H. Assmann, M. Peeks and H. Roepenpack (Proc. Conf. on Characterization and Quality Control of Nuclear
Fuels, Karlsruhe, 25-27 May 1987).
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In fact, for this last topic, the main problem which occurred was the
management of the density because of the sinterability behaviour of the
solid solution. This problem was solved by using a moisture-controlled
atmosphere in the sintering furnaces, or doping additions. This problem
is well controlled and UC>2 - 6d2U3 pellet manufacturing is now common
place.

2

PROCESS CONTROL

2.1

POWDER PRODUCTION AND TREATMENT

Different methods have been followed to obtain a homogeneous or finely
dispersed distribution of the Gd in the fuel, e.g. sol -gel process [17],
co-precipitation of UÛ2 and Gd2U3 [18, 19].
But mechanically dry mixing UÛ2 and Gd2U3 powders proved to be the most
suitable approach.
Good results are reached also by wet blending of the powders with
subsequent drying and granulation steps [20, 21] .
However, dry blending has some advantages with respect to process
stability, product properties, and fuel manufacturing costs.
It is applied either in connection with the AUC conversion process [22]
or with the dry route process or other equivalent processes. Dry blending
of Gd2U3 powder and UÛ2 powder will be treated as an example in greater
detail in the following.

The flow chart of UC>2 - Gd2U3 fuel production is shown in fig. 1.
The preparation of the U02 powder is the same as described in paragraph
B4.
The mechanical mixture of the Gd2U3 powder with UÛ2 powder only needs one
blending step ; nevertheless in some practices, a master blend is used
with UÛ2 powder coming from the Dry Route process. This is not only
valid for the Gd2U3 but also for Al (OH)3 which acts in a concentration of
less than 200 ppm Al as a sintering aid enabling dry scrap recycling. In
the case of UÛ2 powder coming from the Dry Route process, thanks to the
high sinterability properties, it is not necessary to use a sintering
aid, but in most cases a granulation step shall be added before pressing.
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FIGURE l - DIRECT PELLETIZING PROCESSES
0F U02 - GD2 03 FUEL

U02

Gd203

HOMOGENIZE AND
MIXING

GRANULATION FOR THE
DRY ROUTE PROCESS

PRESS

RETURN
SINTER

GRIND

Palletizing of UÛ2 - Gc^C^ fuel pellets by the use of UÛ2 either from AUC
or Dry Route process powders proved to be a straightforward and highly
stable manufacturing process.
2.2.

PRESSING AND SINTERING

The pressing of UÛ2 green pellets is performed with the same
equipment as for UÛ2 either with a lubricating additive or with a thin
oil film applied on the die walls.
The same pressing pressure and green density (as related to the
percentage of theoretical density, % TD) of about 51 % TD as for pure UÛ2
is used in practice.
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In the case of UÛ2 powder coming from the AUC process the sintering
behaviour is quite different as compared with pure UOg for the following
reasons :
a) During sintering densification processes and (incomplete) formation of
solid solutions take place simultaneously.
b) The diffusion coefficients depend in a complex manner on the U:Gd:0
relation in the generated oxide phases.

(a) and (b) not only result in the prolongation of the sintering process
but also in a second effect : in the range between about 3 and 6 % of
mass fraction Gd2U3 the final sintered density is reduced as compared
with UC>2 even at long sintering times.
Both effects have been overcome by laboratory development.
From the three solutions, ox-red-sintering (two-step sintering in
oxidative atmosphere at about 1100°C and subsequent reductive sintering
at about 1700°C) [14], preventing interdiffusion by a diffusion barrier
around the Gd2U3 particles [15], and microdoping of the fuel with less
than 200 ppm Al., the third one was chosen for the production.
In the case of UC>2 powder coming from the Dry Route process, only a
slight modification of the atmosphere composition and of the temperature
is necessary.
The process control of UC>2 - Gd2U3 manufacturing is based on the stable
process of UÛ2 production with only a few additional measures which take
into account Gd-specific influences.

3

PRODUCT CONTROL

The product control is basically the same as for pure UC>2 with some
Gd-specific extensions which will be discussed in the following.

3.1.

QUALITY CONTROL PLANS FOR POWDERS AND PELLETS

The QC plans which are given in tables 1 and 2 are related to a process
and equipment with a throughput capacity of 40 t UÛ2 - Gd£03 per year
based on routine fabrication with all key process parameters being
monitored.
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TABLE 1 : EXAMPLE OF QUALITY CONTROL PLAN

1st example

SPECIFIED CHARACTERISTIC

SPECIFIED VALUES OR
TOLERANCE LIMITS

6d2 03

03

99.9 w/o

Loss of weight on ignition

Impurities **

1.5 w/o

B
Cd
Cl
F
Fe
Ça
C
Ni
Si
N
Th

5 ppm

20
50
50
400
400
1000
100
400
« 1000
20

Gd-155 and
Gd-157 content

14.9
15.7

Specific surface area (BET)

7 ± 3 m^ /g

Particle size
Agglomerate size

*

4

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

± 0.4 w/o
± 0.4 w/o

individual agreement

sum of Dy, Eu, Yb,Sm, Tb < 500 ppm

** weight ppm related to Gd.
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TABLE 1. (cont.)

2nd example

SPECIFIED CHARACTERISTIC

SPECIFIED VALUES OF
TOLERANCE LIMITS

Loss of weight on ignition
Impurities related to
Gdg 03

< 1.0 w/o

Al
B
Bi
Ca
Cd
Co
Cr
Cu
Fe
In
Mg
Mn
Mo
Ni
Pb
Si
Sn
Ti
V
W
Zn
C
Cl
F
N

Dy

Eu
Sm

350
10
40
500
5
30
500
100
250
10

ppm max
ppm max
ppm max
ppm max
ppm max
pmm max
ppm max
ppm max
ppm max
ppm max

25 ppm max

20
100
300
25
250
25
25
5
100
20
1000
25
25
200
20
125
50

ppm max
pmm max
ppm max
ppm max
ppm max
ppm max
ppm max
ppm max
ppm max
ppm max
ppm max
ppm max
ppm max
ppm max
ppm max
ppm max
ppm max

all others rare earths
together :
200 total
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Gd 155

14 .9+1

atomic %

Gd 157

15 .7+1

atomic %

Particle size

95 W. % < 10 M
99 W. % < 20 M

TABLE 2 : EXAMPLE OF QUALITY CONTROL PLAN OF U02 - GD203 PELLETS
SPECIFIED CHARACTERISTIC

EXAMPLE OF
SAMPLING

METHOD

Stoichiometry (0/U ratio)

S

Gravimetry, Polarography

Uranium content

S

Gravimetry, Tritation

Gd203

B

Mass spectrom. or gamma spectrom.
or X Ray fluorescences

U-235 content

Mass spectrom. or gamma spectrom.

Impurities :
Al, C, Ça, Cl, Fe, N, Ni, Si,
B, Bi, Cd, Co, Cr, Cu, In, Mg,
Mn, Mo, Pb, Sn, Ti, V, W, Zn,
Dy, Eu, Sm
other rare earths together

Spectrography or wet chemical
methods

Residual gas and hydrogen
content

H

Spectrography or wet chemical
methods

H

Vacuum extraction or carrier
gas method

Resintering behavior

H

Resintering and density measurement

Microstructure (pore
structure and average grain
size)

H

Ceramography

Gd distribution

H

B

Ceramography, colour etching

Pellet end face geometry

P!

S

Individual agreement

Dishing depth

P!

S

Individual agreement

Roughness

W

100 %

Roughness tester or visual
assessment

Density

S(AQL) S(AQL)

Geometrically or immersion method

Diameter

il(AQL l(AQL

Geometrically

Length, Orthogonality
Dishing volume

'2(AQL S(AQL)

Geometrically

Surface condition

12(AQL 100 %
(AQL)

Visually, comparison with
standards
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TABLE 2. (cont.)

REMARKS : H

= Homogenized U02 powder lot

B

= Blending lot

(sample size depends on equipment)

S

= Sintering lot

P!

= Pressing lot per tool and week

W

= Weekly grinding lot

Gj

= Individual grinding lot

?2

= Individual pressing lot

62

= Individual grinding lot

Table 1 shows the QC plan for the 60203 powder. The following controls
are made on the batches of UÛ2 powder produced after homogenization :
enrichment, 0/U ratio, moisture, F content, metallic impurities, surface
area, densities, and fabricability tests (flowability and sinterability) .
The quality control of the Gd2U3 powder includes some items of the
following : Gd2U3 content, loss of weight on ignition, impurities, Gd
isotopic contents, specific surface area, particle size and agglomerate
size.

Table 2 summarizes the specified characteristics, the sampling lots, the
sampling size and frequency for the UÛ2 - Gd2U3 pellets.
As compared to UÛ2 pellets, some Gd-specific items have to be observed.
The 0:U ratio depends on the Gd2U3 content as explained in table 3. This
table

also

shows

the

relationship

equivalent pellet density

for

the

definition

of

the

UÛ2

(related to the theoretical density) and a

typical specification for the allowable range of distribution of oxide
phases (UÛ2, Gd2U3 and U-Gd-0 solid solution).
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TABLE 3 : SPECIFICATIONS FOR OXYGEN-TO-URANIUM RATIO.
DENSITY. AND OXYDE PHASE DISTRIBUTION 0F
U02 - GD203 PELLETS

Oxygen-to-uranium ratio :
0/U = (2.000 + 0.008 X %Gd203)± 0.015

0/M = 2.00

± 0.02

up to 12 % Gd2Û3 (mass fraction)

Density
0.15
P = PO - 0.04

%

±

(g/cm3)

0.20

100

pin =
Gd203

+ %U02

up to 12 % G02Û3 (mass fraction)
P is the same percentage of theoretical
density as p0 is for pure UÛ2

p
- - - - - - - - - - - - - = 95 ±
theoretical p

l%
1.5 %

Oxyde phase distribution
content < 15 % (mass fraction)

UÛ2 content
UÛ2 -

< 40 % (mass fraction)
mixed oxide > 60 % (mass
fraction)

Average particle size
Gd203

particles with d > 10
shall be less than 2,5 % with
respect to the Gd203 mass

< 220

Average particle size UÛ2 < 1000
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3.2.

QUALITY CONTROL TECHNIQUES FOR POWDER AND PELLETS

The QC techniques for UÛ2 powder to be used as basic material for UÛ2 include the following items :
Enrichment (U-235 content) :
determination of the isotopic composition by a multiple-filament
surface-ionization mass-spectrometric method or by passive
gamma-emission spectral analysis. In both cases known absolute uranium
isotopic standards are used.
Oxygen-to-metal ratio :
determination by the gravimetric method after oxidation to 11303.
Alternative methods are : polarography, coulometry and titrimetric
method (see description in [23]).
Uranium content :
determination of uranium and 0-U-ratio by the ignition (gravimetric)
impurity correction method or determination of uranium by the method
of ferrous sulphate reduction in phosphoric acid and dichromate
titration.

Water content :
determination of moisture by the coulometric electrolytic moisture
analyser with phosporous pentoxide cell or determination of total
hydrogen content by hot vacuum extraction or inert gas fusion with
subsequent use of a thermal conductivity cell detector.
Fluorine and chlorine :
determination of F and Cl by the pyrohydrolysis/spectral photometric
method or by the pyrodrolysis/ion-selective electrode method.

Nitrogen :
determination of N with the Kjeldahl method.
Carbon :
determination of C by direct combustion followed by either thermal
conductivity or titration as a detection method.
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- Metallic impurities :
determination of Ni, Fe, Ça, Si, AI by the emission spectrometry
method with carrier distillation or by the atomic absorption
spectrometry method.

- Surface area :
determination of the specific surface area either by the volumetric or
gravimetric BET method or by the dynamic nitrogen absorption method.
- Flowing behavior :
determination of the flowability using a Hall
predefined funnel.
-

flowmeter with a

Bulk density, vibrated density :
determination of the volume of a given mass of powder before and after
vibration under defined conditions.

- Pressing behavior :
determination of the "pressing characteristic" by measuring the green
density as function of the forming pressure applying a range of
pressures.
- Sintering behavior :
determination of the "sintering characteristic" by measuring the
sintered density as function of the green density applying a range of
green densities.
The determination of the last two items is not made routinely except for

single point measurements.

The QC techniques for UÛ2 - Gd2U3 pellets include the following items :

- Re-determination of enrichment and chemical data as described above.

- Residual gas content :
determination by high-temperature extraction with carrier gas and
thermal conductivity cell detector.
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Density :
determination by the immersion method or geometrical measurment.
A non-routine technique is the determination of the bulk density and
amount of open and closed porosity by the penetration immersion method
(applying either the boiling water method or the vacuum impregnation
method).
Microstructure :
grain structure and pore structure are checked on ceramographic
sections in unetched and etched condition or evaluated by use of
microphotos. Details of the preparation techniques as well as the
methods of assessment were described in [23].
The routine quantitative ceramography method for the determination of
the oxide phase distribution according to table 3 is based on a
special chemical etching of sections producing different colourations
for different compositions. The analysis is then done on a colour
photograph of such a section. The mean diameters of the individual
particles as well as the total surface occupied can be calculated.
Visual appearance and geometry :
the surface is examined by the naked eye and compared with standards.
The surface roughness is measured with commercial instruments. The
pellet geometry is determined by different mechanical, electronic and
optical devices.

Resintering behavior :

a sample of pellets is resintered according to standard practice, then
the density is measured by the immersion method and compared to the
density value before resintering.
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Chapter IV
QUALITY CONTROL OF GADOLINIUM BEARING FUEL RODS AND ASSEMBLIES*
H. ASSMANN, J.P. ROBIN

1 - INTRODUCTION

Gadolinium is a neutron absorber material used to enhance the fuel
management of the reactor in order to lengthen the reactor cycle or to
minimize the neutron leakage, in BWR's it is also used for power shaping
of the core.

Therefore, the location of gadolinium bearing fuel rods shall be
determined precisely and any mistake in the location could significantly
alter the neutron flux and lead to safety problems in the core (safety
margin related to the melting point of pellets).
The main problems in gadolinium bearing fuel manufacturing will be to
prevent mixing of pellets and mixing of rods and to ensure that rod
locations in the fuel assemblies are correct.
Specific Quality Assurance measures including specific inspection methods
and techniques shall be established to reach this goal.

Mainly in the case of BWR's, the core management often leads to fuel rods
with axial distribution of gadolinia-urania pellets with different
concentrations ; in these cases, special care needs to be taken at the
fabrication stage to preclude mixing in the fuel column.

2 - PRODUCT CONTROL OF GADOLINIUM BEARING FUEL RODS

The manufacturing process of gadolinium bearing fuel rods is basically the
same as for uranium fuel rods.
Plugging, loading of pellets, welding, pressurization can be performed
according to the same processes with the same type of equipment and with
the same parameters.
* Material partly taken from 'Survey of binary oxide fuel manufacturing and quality control' by
H. Assmann, M. Peeks and H. Roepenpack (Proc. Conf. on Characterization and Quality Control of Nuclear
Fuels, Karlsruhe, 25-27 May 1987).
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To prevent the mixing of gadolinium bearing pellets with uranium dioxide
pellets, a possible solution is to use a completely separate manufacturing
line (physical separation by full wall, or separate building), the
recovery of waste, for example from the chemical laboratory shall also be
kept separate.
In all cases, the pollution of uranium dioxide pellets by gadolinia shall
be carefully controlled ; the tools in contact with pellets shall be
reserved either for uranium dioxide fuel rods or for gadolinia fuel rods.
If a workshop is to be used for manufacturing uranium dioxide fuel rods
after gadolinia bearing fuel rod production, it shall be cleaned and the
level of contamination shall be verified.
In the case of PWR's, it is often possible and convenient to achieve the

core management objectives with a single concentration of gadolinia. In
this case, the problem of deviant pellets with different concentrations is
avoided.

If different gadolinia concentrations are to be used but with only one
given concentration in each rod, the manufacturing process can be organised in several successive manufacturing campaigns in the same way as for
successive enrichment levels for a normal fuel rod line. In this case,
special Quality Assurance measures shall be followed to clean and verify
the cleaning of the line between the two campaigns.
In the case of different axial concentrations of gadolinia, an automatic
rod loading machine shall be envisaged, or manual devices precluding any
possibility of pellet mixing.

2.1.QUALITY CONTROL PLAN

The Quality Control Plan for gadolinium bearing fuel rod is basically the
same as for UÛ2 fuel rod (see Table 1).
The main difference is related to the need for detection of deviant
pellets.
This examination should be introduced either before loading of the pellet
stack into the cladding or after the end of manufacturing and before the
final external examination (length, straightness and visual inspection).
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TABLE 1. QUALITY CONTROL PLAN FOR FUEL RODS

POSSIBLE Q.C. STEPS

1. QUALITY RELEASE OF
COMPONENTS

POSSIBLE Q.C. TECHNIQUES

FREQUENCY

REMARKS

According to the component Each component
lot

2. EXAMINATION OF THE
WELDS
2.1 SOUNDNESS

*In the case of TIG
welding, EB welding,
laser welding

*In the case of

* X-Ray examination or UT
* X-Ray Fluorescence for
tungsten contamination
(TIG welding if only UT
is used for soundness)

Each fuel rod

No M.D.E.

/

Comparison with visual
standards

Each fuel rod

resistance welding
2.2 Visual examination

The examination can be
performed
either after

each weld or
at the end of
the fuel .rod
manufacturing

Each fuel rod

2.3 Dimension

2.4 Destructive examination
*Corrosion test
ASTM G2
*Soundness examination Metallography

3. LEAK TEST

Each fuel rod

examination

Helium leak detector

A few samples/
manufacturing
campaign

Each fuel rod

4. PELLET STACK EXAMINATION

4.1 Gaps betweeen pellets, Gamma radiography
presence of components,
plenum length

Each fuel rod
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TABLE 1. (cont.)

POSSIBLE Q.C. STEPS

4.2. Mixing of pellets

POSSIBLE Q.C. TECHNIQUES

FREQUENCY

REMARKS

* Activated gamma radiogra- Each fuel rod These techniphy for UÛ2 pellets

ques allow the

* High field magnetometer
for gadolinia bearing
pellets
* Low field magnetic
examination

detection of
other characteristics
which could be
interesting
for process
control purposes and
related to
variation of
1 inear mass of
uranium or

* Visual examination of the

pellet stack if the
different types of
pellets have specific

characteristic (lenght)

presence of
iron particles

4.3. Length and position
Same techniques as for 4.2 Each fuel rod
for the different zones

of the pellet stack

5. TOTAL LENGTH

Usual techniques

Each fuel rod

6. STRAIGHTNESS

Usual techniques

Each fuel rod

7. OVERALL VISUAL INSPECTION Usual techniques

Each fuel rod Detection of
possible
scratches,
dents,
contamination.

8. HARKING OF THE TYPE OF
FUEL ROD

Usual techniques

Each fuel rod

It is recommended to

to perform
this check
when loading

the pellets,
and at the
final inspection step.
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2.2.QUALITY CONTROL TECHNIQUES

The only techniques indicated in this paragraph are those which are used
for detecting deviant pellets.

The gamma-ray natural emission by the fissile material. Unfortunately,
uranium is a weak gamma emitter and a precise measurement requires a very
low speed of scanning which is in most cases incompatible with the
production rate.

* Active gamma-scanning :
The principle of this technique is to take a measurement of the gamma-ray
emission obtained after activation of the fissile material by a neutron
source.
This technique provides higher accuracy and faster inspection than the
previous one.

This technique allows the detection of different enrichment levels in a
UÛ2 fuel rod ; it also allows the detection of gadolinia bearing pellets,
since the gamma-ray emission of these pellets is far lower than with UÛ2
pellets. The detection of different enrichment levels in gadolinia bearing
pellets with this technique has not been developed.
* High field magnetometer :
This equipment uses a magnetometer which collects signals from coils in

the high fields (up to 75 kG).
The data are processed to measure gadolinia weight percent, deviant
gadolinia pellets.
This measurement also allows the detection of other characteristics such
as presence of components, zone lengths and position (in BWR fuel).

* Low field magnetic inspection :
Pellet stacks that are going to be loaded into tubes to make up burnable
absorber rods, can be inspected regarding deviation in individual pellet
Gd2U3-content, stacking faults (the sequence of UC>2 and (U, Gd)U2) and
iron impurity.
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Stacks to be inspected are pushed through a magnetic coil system. The
different paramagnetic properties of UÛ2 and Gd2U3 are used. A varying
magnetic field is produced in a circular coil pair connected to an
alternating current source working in the KHz frequency range. A pellet
passing through the coils influences the magnetic fields strength to a
varying degree, depending on the magnetic susceptibility level, which in
turn depends on the concentration of Gd2U3 in the pellet.
The distance between the coils is equal to or multiple of the stacking
period (generally 18 mm). The coils are connected to each other and a
current source in such a way that the magnetic fields within the coils
always are in opposite direction. Thus, if to consecutive pellets have the
same susceptibility (the same Gd2U3 content) they will cause opposite coil
currents of this same magnitude, and no net signal is recorded. A
deviating pellet causes an inbalance in this system, first giving a net
current is the first coil, then a net current in the second coil at the
same magnitude but with opposite sign.

When a pellet includes an iron particle, it will induce the same inbalance
in the magnetic system, but since the particle is very small it only
causes inbalance in one coil at a time, and this leads to a "balanced"
situation when the particle is in between the coils. Thus, the recorder
out-put from iron particles and pellets with deviating Gd2U3 content
respectively, can be separated.

3 - PRODUCT CONTROL OF FUEL ASSEMBLIES
3.1.QUALITY CONTROL PLAN

The components of a gadolinia bearing fuel assembly are exactly the same as for a
UÛ2 fuel assembly, therefore the Quality Control Plan and related Quality Control
techniques for each of these components are the same.
The only difference is encountered at the final stage of manufacturing, when it
is necessary to ensure that the fuel rods are correctly positioned in the fuel
assembly.

Two types of verification are usually performed, one is through the traceability
system, the other one is through the permanent marking of the fuel rods.
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These verifications are very simple and very fast, so it is recommended to

perform them both, the first just after loading the fuel rod magazine and the
second after loading the fuel assembly just before securing the nozzles.
3.2.QUALITY CONTROL TECHNIQUES

The first verification is performed by automatic reading of the type of fuel rod
together with its identification based on the position in the magazine. A
computer then verifies that the location is the right one for the fuel assembly
being manufactured (by reference to the item list).
The automatic reading can be performed by using bar code labels. Recently new

techniques have been developed to etch a bar code directly on a surface portion
of the cladding tube by using a laser beam.
This vérification can also be performed by systematic hand reporting of the type
of fuel rod on a "map" representing the location in the magazine followed by a
verification of the required location ; this can be improved by removing colour
coded labels from the fuel rods and sticking them on the map.

After loading the fuel assembly, the verification can be performed by means of a
template to verify that the locations of the gadolinium fuel rods match their
markings.
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