
lable at ScienceDirect

Nuclear Engineering and Technology 52 (2020) 1714e1723
Contents lists avai
Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net
Original Article
Impact of fine particles on the rheological properties of uranium
dioxide powders

A. Madian a, b, M. Leturia a, C. Ablitzer b, P. Matheron b, G. Bernard-Granger c, K. Saleh a, *

a Sorbonne Universit�es, Universit�e de Technologie de Compi�egne, EA 4297 TIMR, Centre de Recherche Royallieu, CS 60319, 60203, Compi�egne Cedex, France
b CEA, DEN, DEC, Centre de Cadarache, 13108, Saint-Paul-lez-Durance, France
c CEA, DEN, DMRC, Centre de Marcoule, 30207, Bagnols-sur-C�eze, France
a r t i c l e i n f o

Article history:
Received 4 October 2019
Received in revised form
10 January 2020
Accepted 13 January 2020
Available online 18 January 2020

Keywords:
Uranium dioxide
Cohesive powders
Powder rheology
Flowability
Die filling
* Corresponding author.
E-mail address: khashayar.saleh@utc.fr (K. Saleh).

https://doi.org/10.1016/j.net.2020.01.012
1738-5733/© 2020 Korean Nuclear Society, Published
licenses/by-nc-nd/4.0/).
a b s t r a c t

This study aims at characterizing the rheological properties of uranium oxide powders for nuclear fuel
pellets manufacturing. The flowability of these powders must be compatible with a reproducible filling of
press molds. The particle size distribution is known to have an impact on the rheological properties and
fine particles (<100 mm) are suspected to have a detrimental effect. In this study, the impact of the
particle size distribution on the rheological properties of UO2 powders was quantified, focusing on the
influence of fine particles. Two complementary approaches were used. The first approach involved
characterizing the powder in a static state: density, compressibility and shear test measurements were
used to understand the behavior of the powder when it is transitioned from a static to a dynamic state
(i.e., incipient flow conditions). The second approach involved characterizing the behavior of the powder
in a dynamic state. Two zones, corresponding to two characteristic behaviors, were demonstrated for
both types of measurements. The obtained results showed the amount of fines should be kept below 10 %
wt to ensure a robust mold filling operation (i.e., constant mass and production rate).
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The integrated technology demonstrator called ASTRID
(Advanced Sodium Technological Reactor for Industrial Demon-
stration) is a sodium-cooled fast reactor (SFR) currently in design
phase [1]. This reactor will use a different fuel from that of pres-
surized water reactors (PWR). SFR fuel has specific characteristics
that requires a suitable manufacturing process. The fuel pellets are
obtained in two main steps: first, the powder is shaped by uniaxial
compression (pressing step), and it is then sintered in a second step
(sintering step). The pressing step should be optimized tominimize
density gradients in the pellets for a given target weight. Indeed,
density gradients result in a deformation of pellets during sintering
(imperfect cylindrical shape), which can lead to a need for rectifi-
cation because tolerances are often low on diameter variations
(typically given in hundredths of millimeter). The need and amount
of rectification are then directly linked to the variation of the
weight of pellets around the target. Consequently, before the actual
pressing step, a reproducible, homogenous and fast filling of press
by Elsevier Korea LLC. This is an
molds is needed, with the adequate powder weight. For this pur-
pose, optimal flow properties are required, to avoid detrimental
defects (chips, cracks, end-capping effect, off-specification di-
mensions and weight, etc.) as well as rectification of the pellets.

The current reference powder does not have the properties
required to ensure a robust mold filling operation (i.e., constant
mass and production rate), which would allow a direct pressing
phase and minimal rectification. Indeed, at the current stage of
research, the pellets may require rectification after sintering. It is
not only costly to rectify the sintered pellets in this manner, but also
radiologically penalizing because it generates radioactive dust. The
aim of this study is therefore to modify the characteristics of the
powder in a suitable manner to achieve a reproducible, homoge-
nous and fast filling of press molds and thus avoid detrimental
defects and rectification.

Fu et al. [2] investigated the effect of particles shape and size on
the flow and consolidation of lactose powders. Their results indi-
cated that the shape and size of particles both significantly affect
the flowability of the powder. The influence of particle size on
flowability is also described in several publications [3e5]. Accord-
ing to Li et al. [3], granular materials can be classified into two
categories: powders smaller than 100 mm (called fines) and those
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larger than 100 mm. Fine particles are suspected to have a strong
impact on powder behavior. Firstly, cohesion forces (Van der Waals
forces) are considered predominant in these fines. Secondly, fines
have a strong impact on the reorganization of the powder bed and
can cause stacking defects [6]. The fines can adsorb to the surface of
larger particles, increasing frictional forces and thus resulting in a
poor flow. In other cases, the fines can coat the surface of the coarse
particles and insert into their contact points, increasing the inter-
particle space and reducing the attractive forces, which improves
the flowability [7].

There are different methods for characterizing the flow prop-
erties of a powder for good filling conditions [2], making it possible
to characterize the powders in their industrial context [8]. Leturia
et al. [9] compared the traditional powder flow characterization
methods with powder rheometer and shear cell measurements.
They concluded that the choice of a powder characterization
methods depended on the process conditions to be replicated. The
flow properties of a powder could not be characterized by a single
index but by a combination of different tests.

Generally speaking, a powder can be characterized under
incipient or dynamic state. To understand its rheological properties,
it is necessary to observe how the powder moves from a static to a
dynamic state (i.e., incipient flow conditions), and thereafter how it
behaves in dynamic mode [10]. Methods of observation include
density measurements, compressibility and shear tests. Other
methods are used to characterize the powder flow and the filling
behavior, i.e., dynamic rheometer measurements, permeability and
aeration measurements.

The aim of the present study is to characterize the influence of
the quantity of fine particles on UO2 powder mixtures flowability. It
should be kept in mind that from the industrial point of view, the
main goal is to produce fuel pellets having a constant weight and a
homogenous microstructure, maintaining the desired production
rate and avoiding detrimental defects and rectification. For this
purpose, the powder must have adequate flow properties and its
bulk density should not be sensitive to the fines content (in order to
obtain a constant filling weight). Moreover, in the fabrication chain,
from the storage silo to the filling of press molds, the powder is
transferred between several unit operations and undergoes
different stress levels. The flowability of the powder through the
entire chain should be adequate in order to produce fuel pellets
having the expected properties (constant weight and homogenous
microstructure). It is thus required to characterize the powder flow
properties under both high and low stress levels, as well as incip-
ient and dynamic states.

In this study, a powder with a broad particle size distribution is
used, in order to identify the maximum permissible fines content,
to ensure a reproducible and homogenous press mold filling
operation at the industrial level. Preliminary experiments were
carried out on three granulometric classes of UO2 granules [11,12]:
0e100 mm, 100e200 mm and 200e300 mm. The population of fine
particles (<100 mm) was shown to correspond to a very cohesive
powder with a poor flowability [11,12]. In this work, five powder
batches are first prepared, with different amounts of fines. Several
flow characterization indices are then compared directly as a
function of the fines content in the powder mixtures.

To our knowledge, this is one of the first papers dealing with
UO2 powders flowability. The characterization of this kind of ma-
terials constitutes a challenging task because the maximum infor-
mation has to be obtained from the smallest possible sample size.
Indeed, due to its radioactivity, a minimum amount of UO2 powder
has to be used in order to minimize the wastes generated by the
flowability test methods. Consequently, the same sample may be
used for successive characterization tests. The order of execution of
the tests has to be chosen so that the sample properties are not
modified (agglomerates rupture, attrition, etc.). The optimal tests
sequence followed in this work was established and validated by
preliminary studies [11,12].

2. Materials and methods

In this work, all the UO2 powder samples were stored and
handled in a glove box (Fig. 1b), where the Relative Humidity and
Temperature were maintained constant (T ¼ 20 �C and RH ¼ 40%).
The different tests were also performed in similar glove boxes
under the same Relative Humidity and Temperature conditions.

2.1. Powder mixtures preparation

The raw powder was first compressed at 150 MPa to obtain
granules (Fig. 1b). At this pressure, it was possible to obtain gran-
ules that were strong enough to be handled and studied, but that
would break easily during pressing without having any effect on
the final pellet microstructure. A sieve grinder (Freewitt-type
OxcilloWitt-Lab) was used to perform grinding and sieving in a
reproducible manner. It was thus possible to obtain reproducible
granules with little operator effect. The obtained granules were
considered as representative of the dense agglomerates obtained
after a preliminary milling step as can be observed in the current
reference industrial process. Reproducibility and repeatability were
demonstrated via measurements of the particle size distributions
with a dry granulometer (Malvern Mastersizer 3000).

The maximum size of the granules was about 550 mm. The fine
particles (<100 mm)were separated by sieving and then added once
again to the population of large particles, in order to obtain several
“calibrated mixtures” (i.e., with a controlled fines content). In this
way, five powder batches (A, B, C, D and E) were prepared with
different fines contents: 0, 10, 30, 50 and 100 wt% of fines,
respectively. The five “calibrated mixtures” (¼ 5 powder batches)
were obtained using a Turbula mixer for 10 min at a speed of 23
min�1. The particle size distributions of these five batches were
measured using a laser granulometer and are presented in Fig. 2.

The median volume diameter Dv50 can be used to describe the
particle size distribution, supplemented by thewidth of the particle
size distribution, also called Span. The span is defined according to
the expression:

Span¼ Dv90 � Dv10
Dv50

(1)

Dv10, Dv50 and Dv90 represent the particle diameters for which
respectively 10%, 50% and 90% of the volume of the population is
below these diameter values (indicated in Table 1).

For each type of measurement (cohesion measurement, flow
energy, etc.), the standard deviation is determined on the basis of
three measurements for each powder batch:

Standard deviation ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPðx� xÞ2
N � 1

s
(2)

where x is the value of the measurement, x the average value and N
the number of measurements for the same powder.

2.2. Density measurements (tapping test)

The bulk density of a powder is defined as its mass divided by
the volume it occupies. This property depends on the consolida-
tion state of the granular material, and hence aerated and tapped
densities of a powder have very different values. If a powder is
gently poured into a container, it will have a loose arrangement. A



Fig. 1. Powder handling in a glove box (a) and SEM image (SE Mode) of the uranium dioxide powder (b).

Fig. 2. Particle size distributions (volume fraction).

Table 2
Flowability indicated by the Carr index.

Flowability Carr index (%)

Excellent <15
Correct 15e25
Poor >25

A. Madian et al. / Nuclear Engineering and Technology 52 (2020) 1714e17231716
powder will settle under the effect of numerous vertical shocks,
thereby changing the organization of the initial powder until a
compact reorganization is obtained. A powder undergoes rear-
rangement when the interstitial air is removed. A volumenometer
(STAV 2003 Stampf Volumeter) allows this transition from an
aerated density r0 to a packed density rt following the AFNOR NF
ISO 9161 protocol. For the tapping test, a 50 mL tube containing
the powder was used and the device frequency was set to 245
strokes/min.

The Carr index [13e15] can be calculated via measurements of
the aerated and tapped densities, as follows:

Carr Index¼100� rt � r0
rt

(3)

Depending on the Carr index, the powder flowability can be
predicted qualitatively (Table 2) [13].
Table 1
Fines contents and characteristic diameters.

Powder batch Fines content (%wt) Dv (10) (mm)

A 0 210
B 10 120
C 30 60
D 50 40
E 100 20
2.3. FT4 rheometer

Freeman Technology's FT4 powder rheometer uses several
characterization tests to analyze the flowability of powders [16].

2.3.1. Dynamic test (Variable Flow Rate, VFR test)
The principle of the test is to introduce a powder sample into a

cylindrical cell in which a specific blade rotates while moving
vertically along a helical path. The blade can move at different
speeds. In this study, we used a 10 mL cell and a blade with a
diameter of 25 mm.

Different indices were determined to evaluate the flow prop-
erties of the powder [9]. For each test, 11 measurements were
made:

� A series of 7 tests was repeated at the same blade rotational
speed (�100mm/s). The value of the energy obtained during the
last test was used to determine the energy necessary to move a
given volume of powder, called the Basic Flow Energy (BFE). The
Normalized Basic Flow Energy (NBFE) was also used to compare
powders [9], to take into account the different sample masses:

NBFE ¼ BFE
Sample mass

(4)
� The results obtained also made it possible to define a Stability
Index, noted SI. This index represents the ratio of the total en-
ergy during the last test to the total energy during the first test.
Dv (50) (mm) Dv (90) (mm) Span

360 570 1
310 540 1.5
280 530 1.5
160 480 3
70 140 1.5
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� Another series of 4 tests at different blade rotational speeds
(�100, �70, �40 and �10 mm/s) was performed. The blade
rotational speed was reduced by a factor of 10 to determine the
impact of the flow speed on the total energy. A Flow Rate Index,
noted FRI, quantifies this effect by comparing the values ob-
tained for the maximum andminimum speeds (ratio of the total
energy at �10 mm/s to the total energy at �100 mm/s).

� Finally, the Specific Energy (SE) corresponds to the energy
required to displace the conditioned powder during upwards
testing (rise of the blade through the powder bed). This
parameter characterizes the powder flow properties in an un-
confined state.

2.3.2. FT4 compressibility test
With respect to the FT4 device [9], compressibility refers to the

ability to reduce the volume of a bulk powder when it is slowly
compressed by a piston under a given normal force:

Compressibility¼Volume variation
Initial volume

¼ DV
V0

(5)

In this work, the powder was poured into a cylindrical cell
with a diameter of 25 mm and a volume of 10 mL. A porous
compression piston of 23.5 mm diameter was applied onto the
powder. The tests were carried out at normal stresses ranging
from 1 kPa to 15 kPa.

2.3.3. Permeability
By measuring the permeability, it is possible to evaluate the

capacity of a powder bed to let air flow through it, at different
consolidation stresses and for a constant flow rate. For this test,
we used a 25 mm diameter container with a volume of 10 mL,
coupled to a porous aeration base connected to an aeration
module. The powder was first conditioned, then a normal stress
varying between 1 and 15 kPa was applied on the top of the
powder bed. A constant air flow rate of 2 mm/s was introduced
through the powder bed continuously. The pressure drop in the
powder bed was then measured as a function of the applied
normal stress.

The permeability of the bed was calculated as:

k¼ q m L
DP

(6)

where k is the permeability (m2), q the superficial velocity (m/s), m
the air viscosity (Pa.s), L the length of the powder bed (m), and DP
the pressure drop across the powder bed (Pa).

2.4. Shear cell

Jenike [17] developed a method based on measuring the shear
Fig. 3. Shear test and yield locus (a); classifi
strength of the material. The shear cell measures the variation in
shear stress required to set the consolidated powder bed into
motion at different normal stresses. Bell [18] confirmed the val-
idity and reproducibility of this method for different powders.

During a shear test, two stages can be distinguished: the pre-
shearing step followed by the shearing step. The pre-shearing
step is necessary before each shear measurement. This step
makes it possible to repeat the measurements under the same
conditions and to erase powder history. During the pre-shearing
step, the powder is first compressed (normal stress sp) at a given
value (sp ¼ 3, 6, 9, or 15 kPa in the present work), and it is pre-
sheared under this same normal stress until reaching steady-state
flow (constant shear stress and bulk density).

During the shearing step, a normal stress s lower than the
normal pre-shear stress (sp) is applied, then the shear stress t is
increased until the powder bed breaks. Several couples (t, s) are
obtained, in order to plot the yield locus (Fig. 3a).

The yield locus was assumed to be linear, according to theMohr-
Coulomb failure criterion [19]:

t¼msþ c (7)

Thus, the following parameters could be determined [8,20]:

� The major principal stress (MPS) s1 obtained by drawing the
large Mohr circle: it characterizes the maximum stress applied
to the powder;

� The unconfined yield strength (UYS) sc obtained by drawing the
small Mohr circle: it characterizes the resistance of the powder
subjected to a simple compression;

� The slope m is the internal coefficient of friction: m ¼ tan (f). f is
called the internal friction angle;

� At s ¼ 0, the cohesion C of the powder was obtained. This point
corresponds to the initial cohesion of the powder without any
constraint being applied on it.

The flow factor FF can be defined as:

FF¼ s1
sc

(8)

This allows the flow behavior of the powder to be assessed
(Fig. 3b).

After having measured several yield loci (i.e., at different pre-
shear stresses sp), several couples (sc, s1) were obtained. The
curve passing through the different couples represents the flow
function. According to Jenike [17], the flow properties of a powder
can be determined by its flow function.

The FT4 rheometer can be equipped with a shear cell with
different volumes [16]. A 10 mL shear cell was used for our study.
This cell size was found to be a good compromise between the
cation with the flow factor FF (b) [20].



Fig. 4. Tests sequence followed in this work for the characterization of each powder batch (“Batch X” refers to Batch A, B, C, D or E).
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quality of the results and the quantity of powder involved [11].
2.5. Tests sequence (order of execution)

The characterization of radioactive powders is a challenging task
because the maximum information has to be obtained from the
smallest possible sample size. In order to minimize the generated
waste amount, the same sample may be used for successive char-
acterization tests. The tests sequence followed in this work for the
characterization of each powder batch is presented in Fig. 4. If the
powder “Batch X” is considered (where “Batch X” refers to Batch A,
B, C, D or E, described in Table 1):

� First, the powder Batch X was divided into six samples (noted
X1, X2, X3, X4, X5 and X6);

� A small part of each sample was used to measure its particle size
distribution, using a laser granulometer. The average particle
size distribution obtained for the powder Batch X is presented in
Fig. 2;

� Samples X1, X2 and X3 were submitted to four successive
characterization tests, all executed with the FT4 powder
rheometer: compressibility test, shear test (with sp ¼ 3, 6, 9 15
and 3 kPa), permeability test and dynamic test;

� Samples X4, X5 and X6 were submitted to the tapping test.
3. Results

3.1. Evaluation of the powder transition from static to dynamic
state (incipient flow conditions)

3.1.1. Tapping test and compressibility test
The tapping test is used to understand the rearrangement of the
Table 3
Density measurements and compressibility (FT4).

Volumenometer test

Powder
batch

Ratio of fine
particles (wt%)

Aerated density (g/
cm3) [ þ/�0.3]

Tapped density (g/
cm3) [ ±0.3]

Carr's Com
Index (%)

A 0 2.8 3.3 15 [ þ/�3
B 10 2.7 3.3 18 [ þ/�3
C 30 2.5 3.3 24 [ þ/�5
D 50 2.5 3.4 26 [ þ/�6
E 100 2.1 2.9 28 [ þ/�7
particles by mechanically tapping a graduated cylinder containing
the sample (without applying any compressive stress, via a piston,
on the sample). For the compressibility test, however, the rear-
rangement of grains is achieved by applying a normal stress. These
two tests do not provide a direct measurement of the flow prop-
erties, but allow a qualitative prediction of the powder flowability.
The results are given in Table 3 (for reference, the true density of
UO2 is 10.96 g/cm3).

The FT4 can also be used to measure the aerated density (called
Conditioned Bulk Density, CBD). In general, aerated density mea-
surements are strongly affected by the initial powder filling oper-
ation carried out by the operator. However, as shown in Table 3,
similar aerated density values were obtained with both methods.
This confirms that the operator effect may be low.

In the context of this paper, these compressibility measure-
ments are also used to evaluate if the powder density is sensitive to
the fines content (this should be avoided to ensure a robust mold
filling operation, i.e., a constant filling weight).

Fig. 5a shows that the powder with 100% fines has the highest
compressibility (FT4) at all the applied stresses compared with
other powders. The higher the amount of fines, the greater the
compressibility. It can be assumed that more air is trapped in the
powder bed at higher fines contents and therefore that the powder
has a higher compressibility.

The Carr Index (tapping test) follows the same tendency as the
FT4 compressibility. The flowability qualitatively estimated from
the Carr index seems to decrease when the fines content increases.
However, whereas a linear correlation can be observed between the
compressibility and the quantity of fines (Fig. 5b), we observe a
fines threshold above which the powder behavior changes very
little for the Carr index.

For each powder, the compressibility test was carried out three
FT4

pressibility CBD (g/cm3) [
þ/�0.2]

Density at 15 kPa (g/
cm3) [ þ/�0.2]

Compressibility at 15 kPa
(%) [ þ/�0.8]

] 2.7 2.9 5.6
] 2.8 2.9 7.0
] 2.4 2.6 9.8
] 2.3 2.6 15.0
] 2.1 2.5 21.3



Fig. 5. FT4 compressibility as a function of the normal stress (a); Carr compressibility index and FT4 compressibility at 15 kPa as a function of the fines content (b).

Fig. 6. Flow functions for different fines contents (A: 0 wt% of fines, B: 10 wt%, C: 30 wt
%, D: 50 wt%, E: 100 wt%).
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times in succession on the same sample, in order to evaluate if the
physical characteristics of the sampleweremodified during the test
(agglomerates rupture, attrition, etc.). The results were similar for
each test, which shows that the compressibility test can be
considered as a non-destructive test. Moreover, the particle size
distribution was measurement before and after each compress-
ibility test. Again, the obtained results were similar, which showed
that the granules had a sufficient mechanical strength and are not
friable under a 15 kPa normal load. Consequently, the evolution of
the compressibility is mainly caused by a forced rearrangement of
the granules by occupying the intergranular spaces.

Finally, these results show that for fines contents below 10 %wt,
the powder density is almost insensitive to the amount of fines,
whereas for higher contents the density slightly decreases.

3.1.2. Shear test
Shear tests are used to characterize the complex behavior of the

powder during its transition from a static state to a dynamic state
(i.e., incipient flow conditions), e.g., when opening the bottom of a
hopper [21].

3.1.2.1. Flow function. For each sample (Fig. 4), the shear test was
performed with four different pre-shear stress levels: 3, 6, 9 and
15 kPa [22]. The same sample was used for all the shear tests, in
order to use the smallest possible amount of UO2 powder and to
minimize thewastes generated by the flowability testmethods. The
shear tests were therefore performed in order of increasing pre-
shear stresses. To verify that the powder was not modified by the
test, a last 3 kPa pre-shear test was performed and its results were
compared with those of the first 3 kPa pre-shear test. Preliminary
experiments showed that the powder sample remained unchanged
by the shearing tests.

The shear test results were used to plot the flow function for
each powder (Fig. 6) [8]. Powder batches A and B, consisting of
0 and 10% fines respectively, are seen to have better flow properties
than the other batches. The flow factor (FF) cannot be differentiated
between powders with fines content greater than 30% (Fig. 7a).
Because of their size, fine particles have a larger specific surface
area than larger particles. This may explain why they dominate the
behavior of the mixture from a certain threshold of fine particles.
This could also explain the similarities between powder batches C
(30%), D (50%) and E (100%).

3.1.2.2. Cohesion. Cohesion was also measured during the shear
test. The cohesion of the powder is plotted as a function of the
quantity of fines below (Fig. 7b). The cohesion clearly increases
with the fines content: the powder with 100% fines (batch E) is
cohesive compared with the powder with no fines (batch A).

The cohesion values are almost equivalent for the batches with
0 and 10% of fines. It is higher for 30% of fines and remains around
the same value above 30% and up to 100% of fines. This means that
the cohesion criterion cannot differentiate between powders with a
ratio of fines higher than 30%.
3.2. Evaluation of the powder flowability in a dynamic state

3.2.1. Permeability test
In the industrial process, the air initially trapped in the molds

must be removed when filling them with the UO2 powder. The
permeability test is used to characterize the filling ability because it
indicates how easily the air trapped in the mold can pass through
the powder bed to ensure the regular flow of the powder and
therefore a reproducible filling ratio. The permeability k (equation
(6)) is plotted as a function of the consolidation stress applied on
the powder bed in Fig. 8a.

The pressure drop is close to a linear function of the consoli-
dation stress for each powder. It is higher for powders with a high
amount of fines. The fines cause an increase in the pressure drop
because they reduce the interstitial spaces between particles. As a
result, the pressure drop in powder bed E (100%wt fines) was the
highest.

The permeability of the powder can then be determined as a
function of the fines content. As seen previously, the permeability is



Fig. 7. Flow factor (a) and cohesion (b) as a function of the fines content (at sp ¼ 3 kPa and 15 kPa).
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inversely proportional to the pressure drop. As the quantity of fines
increases, the pressure drop increases and the permeability k de-
creases (Fig. 8b).

The permeability is linked to the volume and structure of the
inter-particulate porosity. When the quantity of fines is zero (batch
A), a high level of permeability is observed. As soon as the fines are
added to the mixture, they occupy the inter-particle spaces: the air
passes through the powder bed with difficulty, which explains a
sharp drop in permeability [16]. For this reason, the fines have a
high impact on the powder flow during mold filling and therefore
on the ability to obtain a reproducible and stable filling process.
Unlike the shearing test, the permeability test was able to differ-
entiate between all our powders, even those with a ratio of fines
greater than 30%. The fines may play an essential role in the filling
process according to the criterion of air removal.
Fig. 9. FT4 dynamic tests as a function of the fines content.
3.2.2. FT4 dynamic test
FT4 dynamic tests were carried out on the five powders to give a

better understanding of their behavior during transfer and filling of
press molds. The results of the FT4 dynamic test (Variable Flow
Rate, VFR test) and the characteristic indices of the different mix-
tures are shown in Fig. 9.

From the results of the permeability and shear tests, it can
already be supposed that increasing the fines content causes an
increase of the powder cohesion. The Basic Flow Energy, BFE, cor-
responds to the flow energy of test n�7 (Figs. 9 and 10). The
measured values for powders A and B (0 and 10 wt% of fines) are
higher than for powders C, D and E100 (30, 50 and 100 wt% fines).
Fig. 8. Permeability as a function of the normal stress (a) and perme
Two domains can be distinguished: below 10 wt% fines and aver
30 wt% fines.

The results presented in Fig. 9 seem to indicate that the higher
the amount of fines, the lower the energy measured by the blade.
An interpretation of this energy reduction is due to a compress-
ibility effect. In fact, when the amount of fines increases, the
compressibility increases, as shown in Fig. 5a and b. Therefore,
when the blade passes through the powder bed, the powder is
compacted and the flowing zone around the blade is relatively
localized, resulting in a low flow energy [23].
ability at normal stress ¼ 15 kPa (b) for different fines contents.



Fig. 10. Different indices (FT4 dynamic test) as a function of the fines content (BFE, NBFE, FRI, SI and SE).

Fig. 11. Permeability (air flow ¼ 2 mm/s, sp 15 kPa), compressibility, NBFE and flow
factor as a function of the fines content.
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The specific energy (SE) characterizes the cohesion of the
powder during the rise of the blade, which is characteristic of an
unconfined flow. The results presented in Fig. 10 show that the SE is
not very sensitive to the amount of fines.

The FRI represents the ratio between flow energies at different
rotational speeds of the blade. The FRI increases slightly with the
amount of fines (Fig. 10), this phenomenon is due to the cohesion of
the powder. When the amount of fines increases, the higher
cohesion of the powder induces an increase of flow energy of test
n�11 (with a low rotational speed of �10 mm s�1) compared to the
flow energy of test n�8 (at �100 mm. s�1). These results are in
agreement with those found in the literature: when the amount of
fines increases, the powder cohesiveness increases and the flow
becomes difficult.

Regarding the Stability Index (SI) (Fig. 10), this parameter is
identical for the different powder mixtures, with a value close to 1.
The SI value does not depend on the quantity of fines introduced
into the mixture, but reflects a good stability under the dynamic
test conditions.
4. Discussion

From the industrial point of view, the main goal of the tableting
operation is to produce fuel pellets having a constant weight and a
homogenous microstructure, maintaining the desired production
rate. At first, this requires a reproducible, homogenous and fast
filling of press molds. The powder must then satisfy the following
criteria:

� Its bulk density should not be sensitive to the fines content in
order to obtain a constant filling weight;

� Compatible flow properties to ensure a reproducible, homoge-
nous and fast filling.

Table 3 (Aerated density, Tapped density, CBD) shows that for
fines contents below 10 %wt, the powder density is almost insen-
sitive to the amount of fines, whereas for higher contents the
density slightly decreases. These results indicate that the amount of
fines should be kept below 10 %wt to ensure a robust mold filling
operation (i.e., a constant filling weight).

The flow factor (FF) and compressibility tests are representative
of the powder transition from a static to a dynamic state (i.e.,
incipient flow conditions), while the permeability and FT4 dynamic
tests reflect the powder flowability during the mold filling opera-
tion (dynamic conditions). We set out to identify different zones
according to these two states: the flow initialization (transition
from a static to a dynamic state) and the actual flow (dynamic
state).

The FF, the permeability, the compressibility and the NBFE
(Normalized Basic Flow Energy) are plotted as a function of the
ratio of fines in Fig.11. The NBFEmeasurement can be interpreted as
a compression and shearing motion of the powder (while the blade
is descending through the powder bed). According to the
compressibility test, the increase of the fines content gives a very
compressible and cohesive powder. Powders with large particles
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are less compressible than fines because less air is trapped in the
powder bed. During the FT4 dynamic test, this results in a high
transmissibility of forces from particle to particle, which leads to a
large flowing zone around the blade. As a consequence, a high
proportion of the sample volume is required to move, and a high
Basic Flow Energy (BFE) is observed for powders consisting of large
particles. When the amount of fines is high, the blade passes
through a more cohesive and compressible powder. Therefore,
when the blade passes through the powder bed, the powder is
compacted and the flowing zone around the blade is relatively
localized, resulting in a low flow energy.

The permeability decreases significantly after the introduction
of an amount of fines equivalent to 10 wt%. Permeability is related
to the volume and structure of the interparticle porosity. The fines
fill the interparticle spaces, which leads to the formation of a
compact medium preventing air from passing easily through the
powder bed. For this reason, the fines have a significant impact on
the flow of the powder during mold filling, and thus on the pos-
sibility to obtain a reproducible and stable filling operation.

Fig. 11 provides a comparison of the different static and dynamic
tests. Two behaviors can be identified:

� Cohesive behavior, with FF<4 and k<100� 10�9 cm2 (with air
flow of 2 mm/s): for batches C, D and E (the mass fraction of
fines is greater than 30 wt%). This corresponds to the very
cohesive powder region. The powder does not allow air to pass
through it and is therefore trapped. The powder is very cohesive
and flows with difficulty. As the air is easily trapped in the
powder, it therefore has a high compressibility (inducing a high
FRI value and a low NBFE value).

� Non-cohesive behavior, with FF>4 and k>100� 10�9 cm2

(with air flow of 2 mm/s): for batches A and B (0 and 10 wt% of
fines), the compressibility varies little, there is a small increase
in cohesion (between 0.5 and 2 kPa) and the powder bed is
highly porous. The powder demonstrates a better flow behavior
than powders in the cohesive zones. This zone is in favor of a
reproducible and homogeneous filling of press molds [24].

Contrary to the shear test, the permeability test made it possible
to differentiate all the powders, even those having a fines content
greater than 30 wt%. The behavior of the mixture appears condi-
tioned by the amount of fine particles. Below 10 wt% fines, the
behavior of the powder is governed by the large particles. Beyond
30 wt% fines, the fine particles fill the voids between large particles,
which reduces the number of direct contacts between large parti-
cles and causes the formation of a cohesive powder.

Again, these results indicate that the amount of fines should be
kept below 10 %wt to ensure a proper flowability, which leads to a
reproducible, homogenous and fast filling of press molds.

Finally, it should also be observed, when using different
methods of rheological characterization, that some tests are more
sensitive to the increase of the fines content than others. It is
therefore necessary when studying the rheological properties of a
powder to take into consideration a type of test representative of
the process conditions.

5. Conclusion and perspectives

In this work, the influence of the fines content on the powder
bulk density and flow properties was studied. The objective was to
identify the acceptable range of fines content to obtain a repro-
ducible, homogenous and fast filling of press molds.

Various methods were used to characterize the flowability of
different powder mixtures (i.e., different fines contents). The
characterization was performed at two levels:
� During the powder transition from a static to a dynamic state:
density, compressibility and shear measurements gave a better
understanding of the behavior of the powders at the initializa-
tion of the flow. Shear tests demonstrated an increase in cohe-
sion with an increase of the fines content in the mixture. This is
not surprising because cohesion forces are known to overcome
gravitational forces for particles smaller than 100 mm.

� Behavior of the powder in a dynamic state: this characterization
was required to assess the mold filling capacity of the powder.
The permeability and dynamic tests enabled us to observe the
influence of fines on the powder capacity to let air flow through
it, as well as to determine the energy required to displace the
powder. A powder with a high fines content tends to trap air
easily, which results in a poor filling behavior. When the amount
of fines is increased, the flow deteriorates and the press mold
filling operation can become heterogeneous and non-
reproducible.

The results showed the amount of fines should be kept below 10
%wt to ensure a robust mold filling operation (i.e., constant mass
and production rate).

Also, it proved complex to establish direct links between the
two powder states (static to dynamic vs. dynamic). The combina-
tion of these two types of tests often produced contradictory re-
sults. To predict the powder filling behavior, the powders needed to
be characterized in both states.

Finally, a series of filling tests will be performed to evaluate the
“filling ability” of these powders, and thus to identify themaximum
permissible fines content to ensure a reproducible press mold
filling operation at the industrial level. Also, pressing and sintering
tests in representative conditions are planned in order to link the
flow properties of the powder, the measured weight variations and
the need for rectification.
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