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Effect of residual carbon on the sintering behavior
of MOX pellets
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Abstract

Sintering behavior of MOX compacts containing different amounts of carbon (290–1735 ppm) was investigated at tem-
peratures from 1073 to 2023 K to study the effect of residual carbon. Specimen shrinkages were measured with a non-con-
tact type optical dilatometer during heating. The compact shrinkage at temperatures from 1273 to 1523 K was about six
times larger in the two specimens with high residual carbon content than in the two with low content. This behavior could
be understood by considering that shrinkage of the former specimens was enhanced in this temperature range by the
decrease of O/M ratio due to the evolution of CO gas and consequently the significant increase of the metal ion inter-dif-
fusion coefficient. In the specimens with low residual carbon content, the amount of CO gas evolution was too small to
affect the inter-diffusion coefficient. This difference in shrinkage between the two kinds of specimens was also discussed
from a theoretical model applied to the initial sintering stage of ceramics.
� 2005 Elsevier B.V. All rights reserved.

PACS: 89.02
1. Introduction

In the fast breeder reactor (FBR), it is critical to
irradiate fuel to high burn-up beyond 100 GWd/t.
Large swelling and fission gas release in the mixed
oxide (MOX) fuel irradiated to high burn-up signif-
icantly affect the fuel performances such as the fuel-
cladding mechanical interaction (FCMI) and the
increase of internal pressure in fuel pins.

Several techniques to fabricate MOX fuel pellets
have been developed [1–5]. Most have targeted fab-
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rication of high density pellets with over 95% theo-
retical density. When high density pellets are used in
the fuel pins, it is difficult to alleviate the FCMI
caused by the fuel swelling and to reduce the inter-
nal pressure in the fuel pins during irradiation.
MOX fuel pellets of low density are expected to
effectively reduce these effects and improve the fuel
performance. There are two approaches to fabricate
these pellets: One is to sinter the pellets at low tem-
perature, and the other is to form a number of sta-
ble pores in the pellet by using a powder containing
an organic additive (hereafter referred to as pore
former) [6]. The first approach is not so good,
because the pellets are unstable and consequently
densification takes place at low burn-up. Then, the
.
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Fig. 1. Flow sheet of process for preparing the specimens.
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latter approach is preferably utilized in Japan for
pellet fabrication.

A pore former is homogeneously mixed into
MOX powder and then mixed powder is pressed
into a green pellet. This pore former is decomposed
and removed from the pellet matrix by the de-wax-
ing heat treatment at about 1073 K, resulting in the
homogeneous distribution of pores in the pellet
matrix during the following sintering operation at
about 1973 K. Paraffin or cellulose is generally
utilized as the pore former because they have a rela-
tively low decomposition temperature. Even after a
well-worked de-waxing, however, certain amounts
of carbon still remain in the de-waxed MOX green
pellet. It is not known how this residual carbon
affects the sintering behavior; on the other hand, it
is known that the doping of small amounts of impu-
rity elements such as niobium and rare earth metals
can enhance the sintering and grain growth in UO2

pellets [7,8]. It is therefore important to understand
the effect of residual carbon on the sintering behav-
ior of MOX pellets.

In this study, the sintering behavior of MOX pel-
lets having four different amounts of residual car-
bon was investigated at temperatures from 1073 to
2023 K. The shrinkage rates of de-waxed MOX
green pellets were measured by dilatometric analysis
during the gradual temperature increase up to
2023 K. The observed differences in sintering behav-
ior were discussed from the viewpoint of oxygen
potential change during heating.

2. Experimental

2.1. Preparation and heat treatment of green pellets

Fig. 1 shows the flow sheet to obtain the de-
waxed MOX green pellets containing different
amounts of carbon. First, MOX powder, ADU
(ammonium diuranate) UO2 powder and recycled
MOX powder were weighed and mixed in the ball
mill developed by Japan Nuclear Cycle Develop-
Table 1
Dewaxing atmosphere and contents of plutonium, additives and residu

Specimen no. Plutonium
content (wt%)

Zinc stearate content (wt%)

Binder Lubricant

Specimen 1 24.8

0.5 0.2
Specimen 2 25.5
Specimen 3 24.8
Specimen 4 25.5
ment Institute (JNC). The mixing gave a homoge-
neous distribution of UO2 and PuO2 powders. The
MOX powder was directly converted by microwave
heating of the mixed solutions of uranyl nitrate and
plutonium nitrate (hereafter MH–MOX powder).
The internal surface of the ball mill was lined with
silicon rubber and alumina balls were used as a mix-
ing medium to easily control the powder character-
istics [9].

After the ball milling, the binder and pore former
were added into and blended with the powder
obtained by a delta mixer. This powder was com-
pacted by a roll press, crushed to give another pow-
der, and then sieved to obtain good flowability. This
powder was pressed into green pellets at a pressure
of 5 t/cm2 after mixing with a lubricant in the delta
mixer. The amounts of binder, lubricant and pore
former are shown in Table 1. The green pellets with
1.0 and 1.2 wt% contents of pore former were
heated to 1073 K at a heating rate of 200 K/h, kept
at this temperature for 2.5 h, and then cooled down
to room temperature at the same heating rate to
al carbon

Pore former
content (wt%)

Dewaxing
atmosphere

Carbon content after
dewaxing (ppm)

1.0 CO2 290
1.2 CO2 560
1.0 Ar + 5% H2 1730
1.2 Ar + 5% H2 1735
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remove additives. Two different atmospheres were
used in the de-waxing: carbon dioxide (CO2) gas
and argon gas containing 5% hydrogen (Ar + 5%
H2). As shown in Table 1, the difference in oxidation
ability of the pore former in the two atmospheres
resulted in significantly different contents of residual
carbon. The carbon content was measured by infra-
red analysis.

2.2. Procedure

Four specimens (Table 1) were used to investi-
gate the effect of residual carbon on the sintering
behavior of the MOX pellets containing about
25 wt% of plutonium. They were classified into
two groups: specimens 1 and 2 had low residual car-
bon content, and specimens 3 and 4 had high
content.

Fig. 2 shows a schematic diagram of the appara-
tus used. The specimen shrinkage during heating
was measured with a non-contact type optical dila-
tometer. The shadow of a heated specimen was pro-
jected into the scope by light irradiation from a
halogen lamp, and then images of the top and bot-
tom ends were enlarged using the scope lens. The
change of distance between them showed the change
Vacuum

Scope

Flow meter
95% Ar

5% H2
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Vacuum
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Flow meter
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Fig. 2. A schematic diagram of dila
of specimen length. The specimen shrinkage could
be measured within an error of plus minus 20 lm
at temperatures up to 2473 K.

The specimen was heated from room temperature
to 2023 K at a heating rate of 400 K/h under an
Ar + 5% H2 atmosphere, which is the same as used
in the mass production of MOX fuel pellets. From
1073 K, the specimen shrinkage was measured at
50 K intervals to 2023 K. After keeping the speci-
men at this temperature for 15 min, its shrinkage
was measured again.

Next, the specimen was cooled to room tempera-
ture and put into a carbonate resin holder. One end
surface was polished using polishing papers from
#400 to #1100. Then, this polished end surface
was ion-etched with 4000 V for about 15 min. The
microstructure of the etched surface was observed
with an optical microscope.

3. Results

The lengths of four specimens during the heating
are shown as functions of temperature and time in
Fig. 3. It can be seen that the decrease, namely the
shrinkage, begins from nearly 1273 K in specimens
3 and 4 containing high residual carbon content,
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Fig. 3. Length change of specimens during heating.
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but it begins at nearly 1473 K in specimens 1 and 2
containing low content. In order to clearly show
these differences, the shrinkage rates (dL/L0) of four
specimens are shown as a function of temperature in
Fig. 4, where L0 is the initial length of specimen
before heating and dL is the length change of speci-
men during each heating interval. On the basis of
measured dL and the initial density of specimen,
D0, the densities of specimens during heating are cal-
culated byEq. (1) and are shown as a function of tem-
perature in Fig. 5. Here it is assumed that the radius
and length of the specimen shrink isotropously.

Di ¼ aD0=ð1� dLi=L0Þ3. ð1Þ
Di:Density of specimen during heating

D0:Density of specimen before heating

dLi: Shrunk length of specimen during heating

a:Correction factor

The correction factor a is derived from Eq. (2), and
their values are from 1.05 to 1.06.

a ¼ Df=ðD0=ð1� dLf=L0Þ3Þ. ð2Þ
Here Df and dLf are the density and shrunk length
of specimen after heating.

Fig. 6 shows ceramographic images of speci-
mens containing high and low contents of residual
carbon. Because the average grain sizes of both
specimens measured from these ceramographic
observations are about 5 lm, no distinct differ-
ences are observed between both grain size
and porosity. The final dimensions, geometrical
density, carbon content and O/M ratio of each
specimen are shown in Table 2 with their initial
values.

The following characteristics can be seen by sum-
marizing the above results:

(1) The shrinkage of specimens with high residual
carbon content began from 1273 K and this
temperature was about 200 K lower than the
one at which the specimens with low content
began to shrink (Fig. 4).

(2) Densification continued while the specimens
were kept at 2025 K; this was especially pro-
nounced for specimens 1 and 2 with low car-
bon content (Fig. 5).

(3) The carbon content of all specimens after sin-
tering was below the detection limit. The resid-
ual carbon in the MOX pellets after de-waxing
was completely removed during heating
(Table 2).

(4) The O/M ratios in all specimens after sintering
were the same value of 1.94 (Table 2).
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4. Discussion

4.1. Evaluation of O/M ratio in specimens

It was observed that high carbon content MOX
pellets de-waxed in Ar + 5% H2 gas showed higher
radius shrinkage than low content pellets de-waxed
in CO2 gas during sintering in some large scale test
fuel fabrication runs of JNC. In order to clarify the
reason for this phenomenon, four specimens, two
de-waxed in Ar + 5% H2 gas and two de-waxed
in CO2 gas, were heated to 2023 K from room
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temperature at a heating rate of 400 K/h in
Ar + 5% H2 gas containing 100 ppm of moisture
in this study. Their initial O/M ratios were from
2.03 to 2.11 and the specimens with high residual
carbon had a higher O/M ratio. During heat treat-
ment, specimens were being reduced to the O/M
ratio equilibrated with the oxygen partial pressure
given by the atmospheric gas and this O/M ratio
significantly affected the diffusion of metal in
Table 2
Characteristics of MOX pellets before after heating

Specimen no. Diameter (mm) Length (mm) Weight (g)

Before After Before After Before A

Specimen 1 6.033 5.406 9.751 9.030 1.920 1
Specimen 2 6.092 5.442 9.868 9.076 1.975 1
Specimen 3 6.162 5.455 9.267 8.435 1.834 1
Specimen 4 6.163 5.443 9.556 8.714 1.901 1

a 30 ppm is the detection limit for carbon content analysis.
MOX pellets. Therefore, the O/M ratio of a spec-
imen equilibrated with oxygen partial pressure in
Ar + 5% H2 gas containing 100 ppm of moisture
was calculated on the basis of the Blackburn model
[10,11]. The oxygen partial pressure was given by
the atmospheric gas and was obtained from the
standard free energy of formation of H2O, DG0,
shown in Eq. (3) and the equilibrium constant Kp.

H2þ1=2O2 !H2O; DG0 ¼�58900þ13:10�T ðKÞ;
ð3Þ

PðH2OÞ=ðPðH2Þ �PðO2Þ1=2Þ ¼Kp ¼ expð�DG0=RT Þ.
ð4Þ

Here R is the gas constant and T is temperature.

PðO2Þ ¼ ðPðH2OÞ=PðH2ÞÞ2 � ð1=KpÞ2. ð5Þ
The calculated results ofO/M ratios for the four spec-
imens at temperatures from 1073 to 2023 K based on
the above equations are shown in Fig. 7 and at
1073 K, 1273 K and 2023 K are 1.998, 1.99 and
1.94, respectively. The calculated O/M ratio of the
specimens at 2023 K, 1.94, agrees well with the mea-
sured O/M ratio after heating as shown in Table 2.
Density (% TD) Carbon content
(ppm)

O/M ratio

fter Before After Before After Before After

.911 62.50 83.67 290 <30a 2.03 1.94

.964 62.31 84.42 560 <30 2.04 1.94

.821 60.22 83.82 1730 <30 2.09 1.94

.887 60.51 84.45 1735 <30 2.11 1.94



Table 3
Shrinkage of specimens

Specimen no. Shrinkage (%)

1273–1523 K 1523–2023 K

Specimen 1 0.21 6.48
Specimen 2 0.33 7.20
Specimen 3 1.31 7.25
Specimen 4 1.33 7.07
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As Lambert and Strain [12] reported, the diffu-
sion coefficient of oxygen in the MOX fuel with
hyperstoichiometry is as fast as about 10�6 cm2/s
at around 1273 K. Thus, the O/M ratio of specimen
is expected to reach the value equilibrated with the
oxygen partial pressure given by the atmospheric
gas in the initial stage of heating and it is reasonable
to exclude the effect of initial O/M of specimen on
the sintering behavior.

4.2. Formation of carbon monoxide (CO)

Suzuki et al. [13] investigated the fabrication pro-
cess of mixed carbide of uranium and plutonium
given by reaction (6). They found that CO gas began
to be released from the powder mixture of UO2,
PuO2 and graphite at 1270 K and two peaks
appeared at 1420 K and 1720 K in the plot showing
the temperature dependency of the released amount
of CO gas from specimens.

ð0:8Uþ 0:2PuÞO2 þ 2:98C

! ðU0:8Pu0:2ÞC0:99O0:01 þ 1:99CO. ð6Þ

Here, UO2, PuO2 and graphite were mixed at the
atomic ratios of Pu/(Pu+U) = 0.20 and C/
(Pu+U) = 2.98. The materials and element on the
left and right sides of Eq. (6) are the initial reactants
and final reaction compounds, respectively. Suzuki
et al. [14] have reported in another study on the
preparation of plutonium carbide from PuO2 that
the reduction reaction (7) took place as the forma-
tion reaction of CO gas at low temperature before
formation of carbide at high temperature. If this
reduction reaction takes place in the MOX, the
shrinkage behavior results obtained in this study
can be understood from the viewpoint of O/M
dependence of the uranium or plutonium diffusion
coefficient in MOX fuel.

PuO2 þ xC ! PuO2�x þ xCO. ð7Þ

In this study, the specimen carbon contents were
from 290 to 1735 ppm but after heat treatment they
were under the detection limit, 30 ppm. It is, there-
fore, reasonable that the amounts of carbon in the
specimens were too low to form plutonium or
uranium carbide, because the residual carbon is
considered to be completely removed from the spec-
imen as the result of formation of CO gas by Eq. (7).
As shown in Fig. 3, the specimens with high residual
carbon content began to shrink at about 1273 K,
but the specimens with low content began to do so
around 1500 K. Furthermore, the data summarized
in Table 3 show that shrinkage rate is higher in the
specimens with high residual carbon content than in
the ones with low residual content in the tempera-
ture range from 1273 to 1523 K. This temperature
range includes the first peak of CO gas evolution
reported by Suzuki et al., although there is no signif-
icant difference in shrinkage rate between specimens
with high and low carbon contents above 1523 K
(Table 3).

Therefore, the shrinkage behavior results
obtained in this study can be understood from the
viewpoint of O/M dependence of the uranium or
plutonium diffusion coefficient in MOX fuel.

4.3. Decrease of O/M ratio by formation of CO gas
and consequent increase of metal ion inter-diffusion

coefficient

Baptiste and Gallet [15] have investigated the O/
M dependence of metal ion inter-diffusion coefficient
(described as the inter-diffusion coefficient hereafter)
in MOX fuel and showed that the inter-diffusion
coefficient was the smallest near O/M = 1.99, but
sharply increased with the deviation of O/M ratio
from this value at 1873 and 2178 K. Assuming that
this relationship between the O/M ratio and inter-
diffusion coefficient holds at other temperatures, it
is easy to understand why the specimen with higher
residual carbon content showed a larger shrinkage
rate from 1273 to 1523 K as follows.

In this study, the calculated O/M ratio of speci-
mens based on the Blackburn model is 1.99 at
1523 K (Fig. 7). As mentioned above, the inter-
diffusion coefficient has the smallest value at O/
M = 1.99. Nevertheless, in Fig. 4, specimens 3 and
4 with high residual carbon content showed the first
shrinkage peak at about 1400 K. This behavior can
be understood by considering that shrinkage of
specimens with high residual carbon content is
enhanced from 1273 K to 1523 K by the decrease
of O/M ratio due to the evolution of CO gas and
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consequently the significant increase of the inter-dif-
fusion coefficient. In the specimens with low residual
carbon content, the amount of CO gas evolution
was too small to affect the inter-diffusion coefficient.

When the shrinkage begins in the compact spec-
imen while the temperature is being increased, the
particle or grain size increases with time. It is, there-
fore, very hard to evaluate the effect of CO gas evo-
lution and consequently the decrease of O/M ratio
on the inter-diffusion in a time interval until oxygen
potential in the specimen reaches equilibrium with
the oxygen potential of the flowing gas.

Therefore, the shrinkage of specimens can be the-
oretically evaluated based on the model for the
initial sintering stage as one approach to qualitative
analysis. It is well known that shrinkage of a com-
pact is proportional to the two-fifths power of the
diffusion coefficient in ceramic systems as shown in
Eq. (8) [16].

dV =V 0 ¼ bdL=L0

¼ bð20ca3D�=21=2kT Þ2=5r�6=5t2=5. ð8Þ

V0 initial volume of dewaxed green pellet
dV shrunk volume of sintered pellet
L0 initial length of dewaxed green pellet
dL shrunk length of sintered pellet
b coefficient (in case of isotropic shrinkage,

b = 3)
c surface energy
a3 atomic volume of diffusing vacancy
D* self-diffusion coefficient
k Boltzmann constant
T temperature
r grain size
t sintering time

The value of b in Eq. (8) is 3 for isotropic shrink-
age. In the ceramic system where the diameter
shrinkage is greater than the length shrinkage, b is
more than 3. And b is less than 3 for the opposite
condition. Table 4 shows the measured shrinkages
Table 4
Shrinkage and ratio of volume to length shrinkages

Specimen
no.

Shrinkage (%) Volume shrinkage/
Length shrinkageDiameter Length Volume

Specimen 1 10.39 7.39 25.64 3.47
Specimen 2 10.67 8.03 26.61 3.31
Specimen 3 11.47 8.98 28.67 3.19
Specimen 4 11.68 8.81 28.87 3.28
of diameter, length and volume in four specimens
after the final heat treatment, together with the ratio
of volume to length shrinkages. These ratios do not
differ much from each other. It is, therefore, reason-
able to evaluate the shrinkage of specimens by Eq.
(8) in this study. Because four specimens were pre-
pared and heated by the same procedures, only
the diffusion coefficients are different in Eq. (8).
Although the decrease of O/M ratio can not be
exactly evaluated during heating, the diffusion coef-
ficient increases by one to three orders of magnitude
with the decrease of O/M ratio according to Bap-
tiste and Gallet [15]. It is, then, assumed that the
inter-diffusion coefficient in the specimens with high
residual carbon content is two orders of magnitude
larger than the one with the low residual carbon
content. Here, the ratio of shrinkage between spec-
imens evaluated by Eq. (8) is as follows:

ðdV 0=V 0
0Þ=ðdV =V 0Þ ¼ ðbdL0=L0

0Þ=ðbdL=L0Þ;
¼ ð1Eð2ÞÞ2=5 ¼ ð100Þ2=5 ¼ 6:3.

ð9Þ

V 0 and L 0 are volume and length of a specimen with
high residual carbon content and the V and L are
the same terms of a specimen with low content.
The obtained ratio means that the specimens with
high residual carbon content shrink about six times
more than the specimens with low content at tem-
perature from 1273 to 1523 K and this value agrees
well with the experimental results shown in Table 3.

5. Conclusion

The effect of carbon remaining in MOX pellets
after dewaxing on the sintering behavior was inves-
tigated. Specimens containing four different residual
carbon contents were prepared and then sintered at
400 K/h from 1073 to 2023 K in an atmosphere of
Ar + 5% H2 mixture gas containing 100 ppm of
moisture. The dimensional change of specimens
during sintering was measured by a non-contact
optical dilatometer.

The specimens with large residual carbon content
(over 1730 ppm) began to shrink at nearly 1200 K,
but those with small residual carbon content (below
560 ppm) began to do so at about 1450 K. In addi-
tion, the shrinkage in the temperature region from
1273 to 1523 K was about six times larger in the
former specimens than in the latter specimens.

These results could be understood from the
difference of CO gas formation between both type
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specimens. That is, in the specimens with large resid-
ual carbon content, the large amount of CO gas
formation reduced the O/M ratio and consequently
increased the inter-diffusion coefficient resulting in
the enhanced shrinkage. On the other hand, the
CO formation was small in the specimens with small
residual carbon content and its effect on the O/M
ratio was not so large.
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