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Abstract

A code for analyzing density distribution in UO, green pellet was developed using a finite element method. Cal-
culated results using this code were compared with measured local densities in the UO, green pellet determined by
Energy dispersive X-ray analysis (EDX). According to code analyses, axial density fluctuation along the lateral surface
of the green pellet increases with the increase of the length to diameter ratio of the green pellet © 1998 Elsevier Science

B.V. All rights reserved.

Nomenclature

€ total strain

€ elastic strain

€ plastic strain

€ elastic component of strain tensor

Om mean normal stress

v Poisson’s ratio

E Young’s modulus

E effective elastic constant

0y Kronecker’s delta

Sij deviatric stress tensor

o, axial stress

€ axial elastic strain

0.,0,,0¢ normal stresses

Ty T,0, Toz shear stress

¢ radial stress to axial stress ratio
(€=o0//02)

G., A, m, n  material constants of UO, power

P relative density of UO, green pellet
normalized by the theoretical density of
uo,

* Corresponding author. Tel.: +81-29 266 2131; fax: +81-29
266 2589.

Db relative density of UO, powder bed
normalized by the theoretical density of
Uo,

o friction force between die surface and

UO, powder during double acting dry
press process

u friction coefficient between die surface
and UO, powder during double acting
dry press process

g, radial stress during double acting dry
press process

1. Introduction

Cylindrical UQO, fuel pellets are fabricated from UO,
powder which is the starting material for the pelletizing
route. UO, powder is usually compacted under a dry
condition to form a cylindrical green pellet prior to
sintering. The properties of the green pellet strongly
affect the properties of the sintered pellet; for example, a
defect in the green pellet at its corner portion is con-
sidered to lead to endcapping of sintered pellet which is
undesirable for getting a high fabrication yield. Those
defects in the green pellet are attributed to heteroge-
neous stress distribution during or after the compaction
process [1,2]. Density fluctuation in the green pellet
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results in deformation of the sintered pellet because of
density homogenization during the sintering process [3].
In the double acting dry press process of UO, powder,
the shape of the pellet deforms during sintering from a
cylindrical shape to an hourglass-like shape having a
thinner diameter at its center portion along the axial
direction; the behavior is called hourglassing. But, the
diametral fluctuation of the UO, pellet, even in the case
of less than one percent of the diameter, affects various
performance of the pellet in the reactor, for example,
pellet cladding interaction (PCI) [4]. In order to improve
the reliability of the fuel performance in the reactor, the
UO, pellets are usually ground after sintering to meet
the diametral specification. Hence, this deformation of
the sintered pellet should be decreased in order to min-
imize grinding loss of UO, which would raise the pellet
fabrication cost, and it is very important to evaluate the
density distribution in the UO, green pellet to control
the quantity of centerless grinding of the sintered pellet.

In order to study the above characteristics, there are
several measurement techniques for local density in the
green pellet [5-8]. All of them are destructive techniques
and much time consuming. Using them, it is hard to
evaluate the compaction behavior of UO, powder under
the double acting dry press process which has many
kinds of parameters, such as compaction pressure, pellet
length to diameter ratio, or chamfer shape. Then, a
simulation tool for the compaction process is needed to
improve compaction conditions of UO, powder.

There have been a number of studies involving sim-
ulations of powder particle motion by the distinct ele-
ment method (DEM) [9], or finite element method
(FEM) [10-12] in which the powder is assumed to be a
continuum. With DEM, various motions of powder
particles have been analyzed, for example, particle flow
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Fig. 1. Double acting dry press of UO, powder.

from a hopper [13], compaction [14-17], or particle
segregation under vibration [18]. In their analyses by
DEM, powder particles were assumed to have simple
shape, namely, sphere or circular disk so as to avoid
requirements of a very large memory and CPU time for
the analysis in the case of irregular shaped particles. The
number of powder particles is restricted by the calcula-
tion time. For both cases of wet and dry fabrication
routes of UO, powder, UO, powder particles usually
have distorted shapes and diameter smaller than 1 pm
and are partially aggregated during powder fabrication
process including heat treatment, milling and slugging.
From the above limitations for the analysis by DEM
and characteristics of UO, powder particle, DEM is
considered to be inappropriate for quantitative analysis
of the compaction behavior of UO, powder.

On the other hand, there are no such limitations in
the analysis for a continuum by FEM. In the present
study, FEM was applied to quantitative analysis of
stresses and density distribution in UO, green pellet
during the double acting dry press process. In order to
analyze the compaction behavior of UO, powder by
FEM, the UO, powder was assumed to be a continuum
of an elastic-plastic material.

2. Analysis aspects by FEM

The cylindrical UO, green pellet is usually fabricated
in a double acting dry press (Fig. 1). The procedure can
be treated as an axi-symmetric problem. FEM analysis is
performed for the first quadrant (half height) of an axial
cross section of the cylindrical UO, green pellet. In this
analysis, an isoparametric quadrilateral element having
eight nodal points with a bilinear shape function was
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used. The initial positions of nodal points can be set
freely in both radial and axial directions in this code.
Strains or stresses in these elements were calculated at
four Gauss points in each element. The strain-displace-
ment correlation (strain shape function: B-matrix) was
renewed at each calculation step to express the large
deformation of green pellet during powder compaction
(Fig. 2). For solution of a non-linear problem, the
Newton—-Raphson method [19] was applied.

For improving the accuracy of the calculation results
of local densities in the green pellet, the local densities
calculated at each step were corrected by the calculation
procedure represented in Fig. 3.

The boundary conditions for this calculation are
summarized in Fig. 4. There are three assumptions in
this analysis.

1. Die and punch wall contacting with the UO, powder
are rigid and cannot be deformed. (Diameter of the
green pellet is constant during compaction.)

2. Friction coefficient between the die surface and UO,

powder is constant during compaction.

3. The green pellet continues to contact with the upper
and lower punches during all of the compaction pro-
cess.

This FEM code is named EPOCH (Evaluation tool
for POwder Compaction beHavior).

Preparation of input data
(stress history, step width, coordinates of node)

| Preparation of B matrix(strain-displacement correlation) I

|

—| Preparation of D matrix(stress-strain correlation) I

Displacement of
upper punch

| Preparation of stiffness matrix(K matrix) |

| Establishment of boundary conditionsl

———-‘ Solution of simultaneous equation l

]

| Output of stress and density distributions |

Fig. 2. Flowsheet of FEM calculation in EPOCH code.

Calculation of local density using local strain of each element

Calculation of averaged density(p o ) by integrating the local density

|

Calculation of averaged density(pp) using initial density,

initial dimension and displacement of punch

Correcting local density by multiplying pg/p o

v

Next step

Fig. 3. Correction procedure of green density in EPOCH code.
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Fig. 4. Boundary condition of FEM analysis of double acting dry press of UO, powder.

3. Description of material properties of UO, powder

In the present study, UO, powder fabricated by the
ammonium diuranate (ADU) fabrication route was used
for description of deformation behavior to be imple-
mented in the FEM code. This powder has many ag-
gregates which cannot be evaluated easily as to whether
they are destroyed during powder compaction, and it
has very distorted shapes of primary and aggregate
particles (Fig. 5).

Typically, apparent density of the UO, powder bed
increases during the dry compaction process from 0.1-
0.2 to 0.5-0.6 (relative density normalized by the theo-

30 um

Fig. 5. UO, powder fabricated from ADU route.

retical density of UO,). Although hardly any plastic
deformation of primary powder particles occurs in this
process, the apparent density changes by rearrangement
of powder particles which leads to decreasing pore vol-
ume between powder particles. This macroscopic de-
formation of the UO, powder bed is similar to the
plastic deformation of a porous continuum. The powder
bed after compaction (green pellet) shows elastic ex-
pansion in the depressing process, which is called
springback.

According to these behaviors of UO, powder, UO,
powder was assumed to be a porous continuum, and an
elastic-plastic model was applied to analyze its com-
paction behavior. The total strain rate of UO, powder
was expressed by the following equation:

de/dt = de./dt + de, /dt, (1)

where ¢ is the total strain, & is the elastic strain and ¢, is
the plastic strain of UO, powder bed.

For expression of elastic deformation of UO, pow-
der, an isotropic elastic model for equivalent elastic
material was applied. This model was expressed by the
following equation:

def; = (1 — 2v)/Edomdij + (1 + v)/E ds;, (2)

where ¢;° is elastic component of strain tensor, v is the
Poisson’s ratio, E is the Young’s Modulus, g, is the
mean normal stress, d;; is the Kronecker’s delta, and s;; is
the deviatric stress tensor.

Based on an experiment using the cylindrical double
acting dry press, the effective elastic constant of the UO,
powder can be expressed by the following equation:
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E'=(1-v)oz/€. (3)

In this study, this effective elastic constant was used as
Young’s Modulus of the UO, powder. Using measured
data of elastic strain during the depressing process of the
double acting press (€£) in the compaction pressure ()
range of 50-400 MPa and the Poisson’s ratio of Al,O3
(=0.32 [20]), the effective elastic constant of the UO,
powder is expressed in Fig. 6. From this figure, the ef-
fective elastic constant of the UO, powder bed increases
with its apparent density toward the value of the
Young’s modulus of sintered UO, (~200 GPa) [21]. This
result shows that the UO, powder bed is hardened as its
apparent density increases exponentially. The effective
elastic constant of UO, powder was formulated as a
function of apparent density of UO, powder:

E' = k(1= v)10007), (4)

where p is relative density of UO, green pellet normal-
ized by the theoretical density of UO,, py is apparent
density of UO, powder bed under a no compressive
condition and k;, k, are material constants of UO,
powder.

In order to express the plastic behavior of UQO,
powder, the yield function for porous metals developed
by Shima and Oyane [22] was applied in this study.
According to their theory, the yield function was ex-
pressed by the following equations:

(fZUeq)z = ((o. - O_i')z + (o, — ‘70)2 + (00 — 0_2)2

F6(t2 + T +102))/2 + (fiom), (5)
fi=A(1—p)" = ((9(1 = &))/(2(1 +28))*7, (6)
fr=p"=03(1-8/2)"0, (7)

where ¢,, 0., 0y are normal stresses, 7., 7,9, T, are shear
stresses, o, is mean normal stress, ¢ is radial stress to

axial stress ratio (¢ = 0,/0.), and geq, 4, m,n are mate-
rial constants which must be determined by experiments.
This yield function, described as a function of apparent
density of porous material, can express the deformation
behavior change of powdered material due to the in-
crease of the apparent density during the double acting
dry press process.

The radial stress to axial stress ratio (&) during
compaction_was measured using a die divided into two
parts [23] and the results are shown in Fig. 7. ¢ increases
with green density. In this study, ¢ was expressed by

C=a=b/(p—py+b/a) (®)

where a and b are material constants which were deter-
mined by best fitting to experimental data.

Figs. 8 and 9 show f; and f> which were calculated by
Egs. (6) and (7) [23] using ¢ data and the relationship
between stress and green density of UO, (Fig. 10). From
the slopes and intercepts of the ordinates by the fitting
lines in Figs. 8 and 9, material constants of geq, 4,m,n
were calculated. Table 1 summarizes material constants
of the UO, powder.

4. Friction coefficient between UQO, powder and die
surface

The friction force between the die surface and UO,
powder can be expressed using the friction coefficient as
follows:

O = U0, = #50-27 (9)

n= (Jf/o-z)/é (10)

where op is friction force between the die surface and
UO, powder, u is friction coefficient, and o, is radial
stress at the lateral surface of UO, green pellet. The

10 T T T

o
T

Effective elastic constant (GPa)

0 1 1 1

0.4 0.42 0.44 0.46

0. 48 0.5 0.52 0.54 0.56

Green density ( - )

Fig. 6. Effective elastic constant of UO, powder.
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Fig. 7. Radial stress to axial stress ratio during uniaxial dry press of powder.
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Fig. 8. Green density dependence of parameter f;.

friction coefficient can be obtained experimentally by
measurements of the radial stress to axial stress ratio (&)
and friction force (ay) at a..

Fig. 11 shows the experimental results of friction
coefficient of UO, powder and die surface made of
tungsten carbide. From this figure, the friction coeffi-
cient between the UO, powder and die surface has
hardly any dependence on compaction pressure during
the double acting dry press process. In this study, the
friction coefficient was assumed to be constant during
the compaction process, and the averaged value of the
measured friction coefficient (0.181) was used for the
boundary condition at the lateral surface of the green
pellet in the analysis by FEM.

5. Results and discussion of FEM analysis

5.1. Convergence of calculation results of density distri-
bution

Fig. 12 represents the calculated density distribution
of UO, green pellet for the conditions shown in Table 2.
In analysis of the density distribution in the green pellet
fabricated by the double acting dry press, nodal points
near the lateral portion are configured with a smaller
interval than that of the central portion to simulate a
larger density fluctuation for the lateral portion (Fig. 4).
From Fig. 12, the green pellet fabricated by the double
acting dry press has a large density fluctuation near the
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Fig. 9. Green density dependence of parameter f,.
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Fig. 10. Compaction pressure dependence of green density.

lateral surface. This fluctuation is considered to be
generated by the friction force between the UO, powder
and die surface during powder compaction. In the first
quadrant, this friction force obstructs the downward
powder flow at the die surface, and axial stress cannot be
completely transmitted to the center portion at the
lateral surface of the green pellet, so the maximum
density fluctuation occurs along this lateral surface. In

this study, this density distribution along the lateral
surface is used for the confirmation of calculation con-
vergence.

Calculations by the FEM code are generally time
consuming and the calculation time is directly dependent
on step width and division number of finite elements. In
order to confirm calculation convergence, dependencies
for step width and the number of elements of the

Table 1

Elastic-plastic properties of UO, powder fabricated by ADU route

ki k> Db Ocq A m n
0.8957 3.6968 0.2363 105.3 GPa 1.644 0.4387 9.251
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Fig. 12. Density distribution in UO, green pellet calculated by FEM code (flat pellet).

calculated results were tested. Fig. 13 represents the step
width dependence of the density distribution along the
lateral position (r/ry = 0.985) of the green pellet. Suffi-
cient convergence can be obtained for the step width
range smaller than the step width corresponding to 0.4%
TD of the relative density increase. Fig. 14 shows the
dependence for the division number of elements depen-

dence of density distribution along the lateral portion
(r/ro = 0.985) of the green pellet. From this figure, the
local density calculated by this FEM code does not
change beyond 0.3% TD, even if the number of elements
was changed when the first quadrant of the green pellet
was divided by more than five elements along both axial
and radial directions.

Table 2

Calculation conditions for density distribution analysis

Initial density Diameter L/D ratio Compaction Friction Step Number of
(after compaction) pressure coefficient width elements

30% TD 13 mm 1 200 MPa 0.181 0.1% TD 7x7
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3
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Fig. 13. Axial density distribution in UO, green pellet (calculation step width dependence, r/ry =0.985).

From the above results, the convergence of this FEM
code is confirmed for practical calculation conditions.

5.2. Comparison with experiments

Fig. 15 represents yield locus for UO, powder eval-
uated by Eq. (5) together with pressure dependence of

green density fabricated by cold static press and double
acting dry press. The data for double acting dry press
were plotted along the dotted line which was drawn
using experimental results shown in Fig. 7. From this
figure, the yield function used in this study is considered
to express the compaction behavior of UO, powder
precisely in the wide range of green density.

52.0 T

7=l
~ green pellet

Local density (%TD)

0

3 4
Z-coordinate (mm)

Fig. 14. Axial density distribution in UO, green pellet (number of elements dependence, r/ry =0.985).
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Fig. 15. Comparison of yield locus evaluated by Eq. (5) and green density fabricated by cold isostatic press and double acting dry

press.

The local density in the UO, green pellet can be
measured by using energy dispersive X-ray analysis
(EDX) [5]. Calculation results are compared with the
EDX experimental results shown in Fig. 16. In this
comparison, compaction conditions and UO, powder
used were the same for both EDX and FEM. The EDX
measured data show that the local density at the corner
portion in the green pellet fabricated by the double acting
dry press is very high and the inner portion has a rela-

tively homogeneous density distribution. The local den-
sity at the center portion has a slightly higher value than
that at the intermediate portion. All of these tendencies
are well simulated by the calculation by the FEM code
developed. The difference in local densities estimated by
the calculation and the experiment is less than 0.5% TD.

Fig. 17 shows pellet length to diameter ratio (L/D
ratio) dependence of averaged green density evaluated
by FEM calculation and measurement of dimension and

Local density (%TD)

50.0

: calculated by FEM

-—[—4 : measured by EDX

.

greenipellet

49.5 L L
0 2 4

6 8 10

Distance from corner point (mm)

Fig. 16. Comparison of local densities estimated by FEM and EDX.
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weight of UO, green pellet. In the double action dry
press process, the die friction force acting on the surface
of the green pellet during compaction increases with the
increase of the L/D ratio of the green pellet. In the case
of larger L/D ratio of the green pellet, the density dis-
tribution in the green pellet becomes more heteroge-
neous which results in the decrease of the averaged green
density. As shown in Fig. 17, the averaged green density
obtained by the measurements decreases with the in-
crease of L/D ratio of the green pellet, and this L/D ratio
dependence of the green density is well simulated by the
FEM code.

From these results, it is judged this FEM code can be
used for the quantitative estimation of the density dis-
tribution or stress distribution in the UO, green pellet
during compaction. And this FEM code can be applied
to other ceramic powdered material whose materials
properties can be described by the same elastic—plastic
model in which material constants can be determined by
experimental measurements.

5.3. Parametric study

5.3.1. Compaction pressure

Fig. 18 shows compaction pressure dependence of the
axial density distribution in the UO, green pellet. The
local density fluctuation in the green pellet has hardly any
dependence upon the compaction pressure in the range of
the calculation conditions. From Fig. 10, the effect of
compaction pressure on the green density decreases with
the increase of the compaction pressure. The above cal-
culation results of compaction pressure dependence are
interpreted as results for the increase of stress heteroge-
neity in the green pellet at higher compaction pressure.

17. Pellet length to diameter ratio dependence of averaged green density.

This is considered to be caused by deterioration of the
rearrangement ability of powder particles in the green
pellet at the higher compaction pressure.

5.3.2. Pellet length to diameter ratio

Fig. 19 shows the axial density distribution of green
pellets which have length to diameter ratios (L/D ratio)
of 0.5, 1.0, and 2.0. The local density at the center
portion of the lateral surface in the green pellet decreases
with the increase of L/D ratio. This tendency is caused
by the friction force at the die surface which obstructs
the powder flow toward the center portion of the green
pellet and transmission of the compressive stress from
the surfaces of upper and lower punches to the inner
portion of the green pellet. This result agrees with the
experimental result of bottom-to-top ram pressure ratio
for Cu compact [24]. From the results of L/D ratio de-
pendence, it is considered that the density heterogeneity
in the green pellet grows more serious and hourglassing
of the as-sintered pellet increases with the increase of L/
D ratio of the green pellet.

6. Conclusions

1. The FEM code which can be used to analyze stresses
and density distribution in the ceramic green pellet
during powder compaction was developed using an
elastic—plastic model.

2. The experimental results of local density in UO,
green pellet which was compacted by the double act-
ing dry press process were well simulated by the re-
sults calculated in the above code.

3. For calculation in the above FEM code, the den-
sity fluctuation in the green pellet fabricated by
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Fig. 18. Axial density distribution in UO, green pellet (compaction pressure dependence, r/r, = 0.985).
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Fig. 19. Axial density distribution in UO, green pellet (length to diameter ratio dependence, r/ry =0.985).

double acting dry pressing increased with the increase
of pellet length to diameter ratio. The axial density
fluctuation at the lateral portion in the UO, green
pellet was hardly dependent upon compaction pres-

sure.
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