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Abstract

An important stage of MOX fuel pellets fabrication is the blending process of the nuclear powders which
is carried out in the French plants in a ball milling and under dry conditions in order to avoid any criticality
related difficulties. The milled powders must present a sufficiently intimate distribution of the UO; and PuO:

particles which is necessary to synthesize the homogeneous (UPu)O2 solid solution during the subsequent reactive
sintering; the homogeneity of me UCyPuCX, fuels is important in relation both to uniform irradiation performance
and to solubility during reprocessing. Our study is related to the mechanisms which take place inside the ball mill
as a function of the nature and size of the balls, the rotation speed, the milling time and the mill-to-ball
charge-to-powder volume ratios. The milled powders have been characterized with a particular emphasis about
the efficiency of the blending in accordance with the duration of the milling which can be one of the limiting
parameter for industrial capacity of MOX fuel fabrication. Previous works have indicated the existence of three
types of configurations of the balls in a ball mill as a function of the rotation speed (expressed relatively to the

critical speed Vc Jg/ (R r) , R being the radius of the mill and r the radius of the balls). In the case

of the nuclear oxides, video observations of the motions of the balls through a transparent cap of the cylindrical
milling jar indicate that the milling of the powders is mainly achieved by the sliding mechanism with the rolling
over becoming significant when the rotation speed is increased. The impact mechanism is almost never present.
It can be therefore deduced that the micronization of the mixed UO2 - PuO2 powders is carried out by abrasion
with the minor mechanism being a "static" crushing of the blended powders between the milling balls. The
abrasion mechanism leads to a specific quality of the mixing of the UO2 - PuO2 powders which has been observed
on green pellets of 60% d.th. by backscattered electron microscopy coupled with image analysis technique. After
4 h of milling, the class of particles larger man 13 /an has completely disappeared. These experimental data will
help to establish a model describing the mechanisms of UO2 - PuO2 dry ball milling and have already made easier
the development of the industrial milling at the new COGEMA MELOX plant.

1. INTRODUCTION

The mixing of nuclear oxides involved in the fabrication of MOX fuels has to be carried out under
dry conditions in a ball mill in order to avoid criticality related difficulties. The milled powders must
present a very intimate distribution of the UO2 and PuOj particles which is necessary to synthesize the
homogeneous (UPu)O2 solid solution during the subsequent reactive sintering at high temperature. The
homogeneity of the UO2/PuO2 fuels is important in relation both to uniform irradiation performance and
to solubility during reprocessing.

As a matter of fact, the atomic diffusion of U and Pu under the standard sintering conditions
(reducing gas at 1700°C) is limited and to obtain a final homogeneous MOX fuel requires a blending of
the different powders at a micronic scale. The milling stage is then necessary to produce a micronised and
correctly mixed powder to be pelletized.

The milling/blending stage of the MIMAS (Micronization of a MASterblend) fabrication process
used in the COGEMA plants has been the subject of extensive investigation and refinement over several
years. The study which is presented here is a part of this R and D program and is related to the
mechanisms which take place in a dry ball miller; instead of plutonium oxide, equivalent (for the powder
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metallurgy characteristics) cerium oxide is used to facilitate the preliminary experiments outside
confinement glove boxes. The motion of different kinds of balls is observed as a function of the rotation
speed of the pot and the amount of balls and powder. The milled powders are characterized with a
particular emphasis about the quality of blending with respect to the duration of the milling operation which
is an important parameter for industrial capacity of production of MOX fuels.

2. MECHANISMS OF DRY BALL MILLING

2.1 CONFIGURATIONS OF THE BALLS

Previous work [1] indicates the existence of three types of configurations of the balls in a ball mill
as a function of the rotation speed (Fig. 1). The rotation speed is expressed in percentage of the critical
speed in order to take into account various values of the diameter of the mill. The critical speed Vc

corresponds to the rotation speed for which the balls are just centrifuged if the friction forces are neglected

and is expressed by the following relationship: vc = Jgi(R - f), R being the radius of the mill and

r the radius of the balls.

At low rotation speed, the balls behave like a compact body which simply oscillates with the
motion of the pot (milling by sliding). Then die rotation speed is increased, the amplitude of the oscillation
increases and the bulk of the balls takes the shape of an inclined plane from which some balls are ejected
and roll over all the other balls (milling by rolling over). The bed of balls is then less compact and the
powders to be milled can penetrate between the balls. For still higher rotation speeds (higher than 75%
of Vc ) the balls are thrown out at the top of the inclined plane by their kinetic energy and follow a
parabolic path (milling by impact). The two first configurations (sliding and rolling over) lead to a milling
by abrasion involved in the balls-powder or lining-powder friction since the impact mechanism splits up
the particles under the effect of shearing or crushing stresses. The abrasion concurs to the formation of
small size particles in the milled product [2].

2.2 INFLUENCE OF MILLING MECHANISMS, ON THE POWDERS

First observations of the motion of the balls have been carried out through a transparent cap of a
cylindrical milling jar by video recordings with no powder inside the jar. These experiments, performed
with uranium metal orthocylindrical balls (size: 15 x 15 mm; weight: 45 g), indicate that the centrifugation
is never reached in a 15 cm diameter drum even for rotation speed higher that the critical speed Vc = 108
rpm. When same size but lighter (7 g) alumina balls are used, the centrifugation is normally obtained at
V,.

' c-

Observations have also been made with powder inside the mill with various filling values described
by the parameter J = balls volume/mill volume; the studied criteria are then the size of the balls (15 x 15
mm, 45 g or 25 x 25 mm, 225 g), the rotation speed (up to 130 rpm) and the J parameter (between 20 %
and 50 %). In this broad experimental range, the milling of die powder is mainly achieved by the sliding
mechanism with die rolling over becoming significant when die rotation speed is increased; this variation
is observed at lower speed when die volume of balls is raised. The impact mechanism is almost never
present. The micronisation of me mixed UO2 - CeO2 powders is merefore carried out by abrasion widi
die minor mechanism being a "static" crushing of die blended powders between die milling balls.

The influence of die different kinds of mechanisms on die morphological aspect of die powders
has been investigated by scanning electron microscopy: sliding and rolling over lead to die formation of
very fine particles (Fig. 2a) due to die abrasion of die initial UO2 granulates. If die impact mechanism is
preponderant (which is sparsely die case), die granulates are crushed in agglomerates of various shapes
and of higher compactness (Fig. 2b).
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SLIDING
(small load of milling balls)

•IMPACT
(V>75%VC)

ROLLING OVER
(large load of milling balls)

CRITICAL SPEED
(Vc =\/g/(R-r))

FIG. I Theoretical Milling Mechanisms as a Function ofBalb Load and Rotation Speed

(a) 100 (b) 100/xm

FIG. 2 Electron Images ofUO2 Powder Milled by Abrasion (a) or by Impact (b)
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3. CHARACTERIZATION OF MILLED AND BLENDED POWDERS

3.1 CHARACTERIZATION TECHNIQUE

The quality of the mixing of the UO2 - CeO2 or UO2 - PuO2 powders cannot be easily described
by simple analytical techniques, especially at a micronic scale: chemical determinations on very small
samples, X-ray diffraction measurements or optical microscopy are not sufficiently sensitive for detecting
very small scale heterogeneities. For instance, optical observations are inadequate to permit the
identification of the two kinds of oxides despite the strong contrast of colors between these two elements
(white cerium and dark uranium) and could even lead to some misinterpretation.

To overcome this difficulty, the dispersion of the minor phase has been observed by scanning
electron microscopy coupled with image analysis technique on green pellets of 60% d.th.; this analytical
method allows the direct observation of the mixed powders without the modifications induced by the
diffusion of the cations during sintering. The green pellets have to be smoothly polished which allows
SEM observations with backscattered electrons. The large difference between the atomic numbers of
cerium and uranium shows the lighter cerium in grey zone whereas the heavy uranium appears in white
(Fig. 3). In this case, two magnifications (x650 and x2500) are used with respectively 30 and 90
investigated fields so that particles of size between 0.5 fim and 25 pm can be counted with a satisfactory
statistics. This technique has been applied for instance to a milling of (78 vol% UO2, 22 vol% CeQ),
which corresponds roughly to the proportions of a master blending in the industrial MOX process, with
15 x 15 mm uranium balls, J = 57 % and U = (powder apparent volume / between-balls vacuum volume)
= 1. The rotation speed is kept at 48 rpm with a total duration of the milling of 8 h (samplings are also
taken each 2 h of milling).

3.2 GRANULOMETRIC RESULTS ON GREEN PELLETS

Under these conditions, the granulometric spectrum shows no particles of cerium oxide larger than
25 fim after 2 h of milling; for this duration, there is only 1.3 % of particles between 13 fiva and 25

(;i) cerium oxide (b) no milled uranium oxide (c) dense agglomerates

FIG. 3 Backscattered Electron Image of a Green Pellet of 60% D. TH.
(78 vol% UO2, 22 vol%CeOJ
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After 4 h, this class of particles has completely disappeared. For the particles between 13 and 0,5 y.m,
the numbers counted in each category remain remarkably and surprisingly constant versus test time. The
surface occupied by cerium oxide over the total surface of the sample has also been measured and shows
a significant decrease as a function of this same parameter. This overall set of results can only be
interpreted by ihe fact that there must be some formation of very small particles of size less than 0.5 fim
which is the detection limit of our SEM analysis; the initial large particles are not directly divided in new
fragments (this should lead to the unobserved large variation of the granulometric spectrum) but
continuously weared during the milling. Moreover, the mean diameter of " imaginary" grains for each
class has been computed from their influence zone data by image analysis and presents a strong increase
with the duration of milling whatever the size category: this means that, as expected, the inter-particles
distance continuously increases with almost no segregation of the minor component.

4. CONCLUSION

These experimental results confirm clearly that the abrasion is the main mechanism occurring during the
milling of nuclear powders and is responsible for the reduction of the size of the initial particles and of
their subsequent blending; the impact mechanism is never reached under these conditions. The detailed
analysis of the quantitative data in terms of the homogeneity of the distribution of the minor powder (i.e.
plutonium oxide) in the bulk of the main compound (i.e. uranium oxide) is therefore of great importance
in order to determine the optimal values of the parameters of the milling stage in the fabrication of MOX
fuels.

The influence of other parameters such as the utilization of a chemical agent capable of avoiding the
agglomeration of powders or the introduction of scraps with the raw materials has also been investigated.
This information will help to establish a model describing the mechanisms of UO2 - PuO2 dry ball milling
under a large range of conditions and have already been successfully used in the development of the
industrial fabrication process of the new MELOX plant of COGEMA.
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