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Abstract

The sintering behaviour of (Ug45Pug 55)C pellets has been studied up to 1700 °C using a dilatometer in Ar-8%H,
atmosphere. The mechanism for the initial stage of sintering was determined using rate controlled sintering technique
and was found to be volume diffusion. The activation energy for the initial stages of sintering was found to be 360 kJ/

mol for Ar-8%H, atmosphere.
© 2004 Elsevier B.V. All rights reserved.

PACS: 81.20.Ev; 82.20.Pm; 61.72.—y; 66.30.Fq

1. Introduction

The Fast Breeder Test Reactor (FBTR) at the Indira
Gandhi Centre for Atomic Research, Kalpakkam is the
first of its kind in the world that uses uranium-pluto-
nium mixed carbide as driver fuel. FBTR was made
critical with a small compact core consisting of Pu-
rich hyperstoichiometric (Ug3Pug;)C fuel (Mark-I)
which has already reached a burn-up of 100000 MW
days per ton without any pin failure [1-3]. The core
is now being expanded with hyperstoichiometric
(Ug.45Pug s5)C fuel (Mark-II) for the operation at full
power. The FBTR has provided valuable experience
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with Liquid Metal Fast Breeder Reactor (LMFBR)
technology and given confidence to set up a 500 MWe
Prototype Fast Breeder Reactor (PFBR).

The fuel for the above reactor is in the form of pellets
and is fabricated by powder metallurgy technique. The
fabrication steps include carbothermic reduction of a
homogeneous blend of UO,, PuO, and graphite pow-
ders in vacuum at about 1475°C [1-4]. The carbide
clinker thus obtained is then milled, precompacted,
granulated and finally compacted at 400 MPa. The sin-
tering of the green pellets is carried out in Ar—8%H, at
1650 °C for 4 h [1]. The final product always contained
residual oxygen as impurity in varying amounts depend-
ing up on the fabrication condition [2,3]. As the overall
carbon-to-metal ratio of the fuel matrix decreases with
increasing burn-up of the fuel on account of the fact that
the fission products tie up with more carbon than the
actinide atoms, there is a possibility of the metal phase
formation in the fuel with increased burn-up. Hence,
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to avoid the formation of metallic phase which has a low
melting point, the mixed carbide fuels are designed to be
slightly hyperstoichiometric and fabricated to exist in
the phase field of MC + M,C3; (M = U + Pu). Since the
commercial carbide fuel usually contains more than
2500 ppm of oxygen, a detailed investigation of U-Pu—
C-O system is an essential prerequisite for optimizing
the parameters of fuel pellets production. In the M-C—
O system, the M(C, O) + M,C; phase field is the most
important. Oxygen dissolved in the monocarbide phase
forms M(C, _,, O,), which is nothing but a solid solution
of (MO) in MC [5]. The lattice parameter of M(C,O)
decreases with increase in oxygen content. It has been
observed that M,C; phase, in carbon rich M(C,O),
becomes enriched in Pu [2,5,6].

The purpose of this study is to evaluate the densifica-
tion behaviour of (Ug4sPug s5)C pellets and determine
the kinetics of sintering using rate controlled sintering
technique [7,8].

2. Rate controlled sintering (RCS)

In this technique, the green compact is heated in a
dilatometer at a constant heating rate until d/ds i.e.
slope of the length change versus time curve, becomes
larger than a threshold value, at which point the temper-
ature rise is stopped. The shrinkage now takes place
under isothermal condition. On completion of sintering
at this temperature, which is shown by the smaller d//d¢
signal than a second threshold value, the temperature
rise is resumed and the process is repeated. The experi-
mental shrinkage curve obtained by dilatometry gener-
ally follows an equation of the form [9]:

Al/ly =Y = [K(T)]", (1)

where [y is the initial length of sample at the start of
sintering, K(7) is Arrhenius constant, ¢ is the time and
n is a constant whose value depends on the sintering
mechanism.

If only the volume diffusion from grain boundary is
operative, then the shrinkage rate is given by

Y = n(5.34QD, /kTa*)" "=V, (2)
where n = 0.49.

Similarly for grain boundary diffusion alone
Y = n(2.14yQbD,, /kTa*)" "=V, (3)
where n = 0.33.

In Egs. (2) and (3), y is the surface tension, Q is the
vacancy volume, D, and D,, are the diffusion coefficients
for volume and grain boundary respectively, 7T is the
temperature, « is the particle radius, b is the thickness
of the grain boundary and k is the Boltzmann constant.
The slope of the plot of In¥ versus Inz will be (n — 1)
from which the sintering exponent 7’ can be evaluated.

From the value of intercepts, the diffusion coefficient
can be evaluated.

3. Experimental
3.1. Fabrication of green pellet

The green pellets for this study were prepared by the
conventional powder metallurgy technique using UO,,
PuO, and graphite powders as the starting materials
and consisted of the following steps:

¢ milling of UO,, PuO, and graphite powder mixture
in a planetary ball mill for 12 h,

e preparation of tablets of above powder by compac-
tion at 75 MPa,

e Carbothermic reduction of the above tablets in vac-
uum (1 Pa) at 1475 °C,

o crushing the clinkers and milling in a planetary ball
mill using tungsten carbide balls,

e precompaction at 150 MPa,

e granulation of the precompacts,

e final cold compaction of the granulated powder at
400 MPa into green pellets.

To facilitate compaction and to impart handling
strength to the green pellets, 1 wt% each of zinc behenate
and naphthalene was added as lubricant/binder during
the last 1 h of the mixing/milling procedure. The green
pellets were about 4.6 mm in diameter and around
7mm in length. The characteristics of the starting
(U, Pu)C powders used in this study are given in Table 1.

3.2. Dilatometry
The shrinkage behaviour of the (Ug45Pug 55)C com-

pacts was studied in axial direction using a push rod type
horizontal dilatometer. The pellet was placed in a special

Table 1
Characteristics of starting (Ug 45Pug 55)C powders

Property Value for (Ug45Pug.s5)C
O, (ppm) 4903

N> (ppm) 448

C (Wt%) 5.04

M,C; content (wt%) 24

Green density (% TD) 65

C/M ratio 1.14

Theoretical density, p (g/cm’) 13.62

Surface energy, y (erg/cm?) 570

Particle radius®, a (A) 97

Specific surface area, S (m%g) 0.26
& a=6/(2-p-Sf) where f'is the shape factor.
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holder made up of graphite, inside a moveable furnace.
To avoid any carbon pick up, zirconia supports were
placed under the pellet as well as at both ends. A
push-rod placed directly against the zirconia support,
which was in touch with the carbide pellet, transmitted
length change to a linear variable displacement trans-
ducer (LVDT) which was maintained at a constant tem-
perature by means of water circulation from a constant
temperature bath. The accuracy of the measurement of
change in length was within 0.1 um. The temperature
was measured using a calibrated thermocouple, which
was placed directly above the sample. A small force of
0.2 N was applied to the sample through the push rod.
The dilatometric experiments were carried out in Ar—
8%H, atmosphere using a flow rate of 18 1/h and a heat-
ing rate of 6 °C/min. Two pellets of (Ug4s5Pug s5)C were
evaluated by dilatometry. One was used to measure the
shrinkage from room temperature to 1700 °C and the
other was used for studying the sintering kinetics using

Table 2
Analysis result of (Ug4s5Pug s5)C pellet after sintering

Elements Amount Specified value
present
Pu (wt%) 54.740 Pu+ U+ Am = 95% (max)
U (wt%) 39.330
Am (wt%) 0.050
C (wt%) 4.680 5.03 (max)
O, (ppm) 4185 5000 (max)
N, (ppm) 603 2000 (max)

M,C; content (wt%)  18.90 5-20
Total impurity (ppm) 953 3000 (max)

Table 3
Metallic impurities in sintered (U 45Pug s5)C pellet

Element Impurity (ppm)
B 0.2
Ca 20
Na 10
Al 40
Mg 50
Mn 8
Si 390
Fe 36
Cd 0.2
Cr 10
Co 10
Cu 8
Ni 20
Mo 20
Pb 20
\ 10
w 160
Zn 100

RCS. For RCS, the temperature programme was modi-
fied in such a way that the whole sintering took place be-
tween two shrinkage rates.

3.3. Characterisation

The (Ug 45Pug s5)C pellets sintered in Ar-8%H, atmo-
sphere were characterised in terms of their density and
phase content. Carbon, oxygen, nitrogen and impurity
contents of the pellet were evaluated. The phase content
was estimated by X-ray diffractometry. Table 2 gives the
typical values of carbon, oxygen, nitrogen contents of a
sintered pellet and its density. The X-ray diffraction pat-
terns of the pellets were obtained by using the Cu-K,
radiation and graphite monochromator. Typical impu-
rity contents of (Ug45Pug 55)C sintered pellets are shown
in Table 3.

4. Results

Fig. 1 shows the shrinkage behaviour of
(Up.45Pug 55)C in Ar-8%H, from 400 to 1700 °C. The
curve is smooth up to 1200 °C showing only expansion.
From 1200 °C to 1400 °C, an increase in expansion was
noticed in the shrinkage curve. It can be seen from Fig. 1
that the onset of shrinkage occurs at 1450 °C. The
shrinkage continues smoothly up to 1700 °C except with
a slight change in the slope in the region of 1600—
1650 °C. The corresponding shrinkage rates (d/d¢) of
the above pellet are shown in Fig. 2. X-ray diffraction
(XRD) pattern of (Ug4s5Pug s5)C pellets sintered in Ar—
8%H, showed the presence of two phases — one is iso-
structural with fcc MC and the other is isostructural
with becc M,C;5 (see Fig. 3).
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Fig. 1. Shrinkage curve for (Ug45Pug 55)C pellet in Ar-8%H,.
The d//l, values are plotted against temperature, where /; is the
initial length.
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Fig. 3. XRD pattern of (Ug45Pus5)C pellet sintered in Ar—
8%H,.

5. Discussion

From the above result, it is evident that the onset
of shrinkage in (Ug45Pug 55)C pellets occurs at around
1450 °C. At 1700 °C, the shrinkage was about 20%
(see Fig. 1). The maximum shrinkage rate of about
100 pm/min has been obtained at around 1640 °C.

Fig. 1 shows an expansion in the shrinkage curve in
the temperature region of 1200-1400 °C. Let us examine
the causes of the above. The following phenomena are
occurring during the sintering of (U,Pu)C pellets (see
Tables 1 and 2), viz.,

1. decrease in M,C; content,
2. decrease in oxygen content,
3. increase in nitrogen content.

It has been noticed from Tables 1 and 2 that M,Cs
content of the pellet has decreased from 24% before sin-
tering to 18% after sintering. Since the sintering of the
pellet has been carried out in Ar-8%H,, M,C; present
in the pellet reacts with H, to form methane as per the
following equation [10]:

The rate of the above reaction reaches maximum at
850-900 °C. The change in the slope in the shrinkage
rate curve, shown in Fig. 2, in the temperature range
of 750-925 °C may be due to this reaction.

As mentioned earlier, both nitrogen and oxygen go to
the lattice of carbide since they have large solubility in
MC. The oxygen content of the pellet has decreased by
about 800-900 ppm during the sintering. On the other
hand, nitrogen content has increased by 200-300 ppm
(see Tables 1 and 3). Jain and Ganguly [2] have system-
atically evaluated the oxygen solubility in M(C,O)
phase. They have shown that M(C,0O) phase in
M(C,0) + M,C; phase mixture is stoichiometric irre-
spective of oxygen content, whereas M,C; phase exhibits
some hypostoichiometry at low oxygen contents. The
segregation of Pu occurs in M,C; phase of the
M(C,O) + M,C; phase mixture. The extent of segrega-
tion decreases with increase of oxygen in M(C, O) phase.
The following relationship has been derived between lat-
tice parameter of M(C,O) and its (MO) content [2]:

Lattice parameter of M(C,O)
=0.4979 — 0.41 x 107* x mol% (MO). (5)

Richter et al. have observed that CO evolution is
maximum in the temperature range of 1000-1500 °C
[11,12]. In this temperature range, we have noticed that
the vacuum level of the furnace is poor indicating the re-
lease of gases. Since oxygen in the lattice of MC reacts
with carbon to form CO, the net oxygen and carbon
contents of the pellet decrease. Since MCO — MC reac-
tion results in an increase in lattice parameter, the
expansion observed in the shrinkage curve of
(Up45Pug 55)C pellet is due to this reaction. To sum
up, in the temperature range of 1200-1400 °C, the oxy-
gen content of the pellet decreases and therefore the lat-
tice expands as per Eq. (5). The expansion in the
shrinkage curve (Fig. 1) is due to this phenomenon.

6. Kinetics of sintering

The sintering kinetics of (Ug4sPugss)C pellet has
been evaluated in a reducing (Ar-8%H,) atmosphere
for the initial stages of sintering. The kinetics has been
evaluated over a small temperature range of 1365—
1508 °C. This temperature range was chosen from the
corresponding shrinkage curve shown in Fig. 1.
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The parameter ‘n’ of Eq. (1) is obtained from the
slope of logY versus logs plot, shown in Fig. 4, for
Ar-8%H, atmosphere. The value of n obtained for pel-
lets sintered in Ar-8%H, is ~0.50. It was noted that
the value of n was around 0.7-0.8 during the first few
minutes of shrinkage. A similar phenomenon has been
reported by Kutty et al. [13] for their studies on PuO,.
This may be due to the fact that the sample may not
be reaching thermal equilibrium immediately after
attaining the measured temperature. Hence first several
points of the data were discarded and not used in this
study.

The literature available on the sintering kinetics of
(U,Pu)C is scanty although many reports are available
on sintering kinetics of (U, Pu)O,. Pickles et al. [14] have
determined the sintering kinetics of (U,Pu)C pellets of
different stoichiometries using various theoretical mod-
els available in the literature. They found that the
shrinkage rates of both UC and (U, Pu)C match reason-
ably well with those calculated on the basis of bulk dif-
fusion mechanism. They used a relation between
shrinkage (A//ly) and time ¢, which is given below [15]:

Al/ly = [(4/T) exp(—=Q/RT)|"", (6)

where m and A4 are constants for a given process in a
given material. They conducted the experiments on
UC, as well as on stoichiometric, hypostoichiometric
and hyperstoichiometric (U,Pu)C containing 5% and
30% M,C; and having a nominal composition of
(Up.g5Pug 15)C [14]. The exponent, m, obtained from
the slope of In(Al/ly) versus Int was found to vary in
the range of 0.4-0.6 with a mean of 0.519, with carbide
composition and sintering temperature [14]. They postu-
lated that the sintering occurs by volume diffusion for all
the carbide compositions studied. Similar studies on the
shrinkage behaviour of (U,Pu)(C,N) exist in literature
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Fig. 4. A plot of InY versus In¢ for the pellet sintered in Ar—

8%H,. The slope of this curve will be (n — 1) from which the
sintering exponent ‘»’ can be evaluated.

[16]. The value of m obtained from the shrinkage versus
time plots, was found to be 0.40 suggesting the rate con-
trolling mechanism to be volume diffusion.

The diffusion coefficients are calculated from the
intercepts in Fig. 4 using Eqgs. (2) and (3). The values
of parameters used for this calculation are given in Table
1. The In D versus 1/T plots for Ar-8%H, atmospheres
are given in Fig. 5. The activation energy obtained for
(Up.45Pug 55)C in Ar—8%H, is 360 kJ/mol. There is no
report available in the literature about the activation
energy for (Ugg4sPugss)C, although activation energy
values are available for lower Pu compositions. The acti-
vation energy of sintering for (U, Pu)C containing <20%
PuC determined from dilatometric experiments showed
a marked variation from 210 to 347 kJ/mol [5].

The mechanisms of diffusion in UC and MC fuels are
reported to be identical [17-19]. The predominant de-
fects in MC fuels are metalloid C Frenkel defects. Signif-
icant amounts of vacancies are observed in UC;_, and
of C, pairs in UCy,,. The thermal defect concentration
is found to be less than 2% at 2125 °C. The activation
energy for Pu diffusion, which depends up on C/M
ratio and nitrogen content, lies in the range of 377—
640 kJ/mol [20]. An Arrhenius equation for the commer-
cial MC containing about 600 ppm of oxygen and
200 ppm of nitrogen, has been suggested which is given
below [5]:

D = 0.013xexp(—401950/RT) cm? s™". (7

Since the fuel covered in the present study contained
much higher amount of oxygen and nitrogen, a compar-
ison is difficult to make. However, it is noted that the
value of activation energy obtained in this study
(360 kJ/mol) falls very close to the reported values
for the plutonium bearing mixed carbides of other
compositions.

-30.5
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-31.0 4 Q= 359.5 kJ/mol

-31.5 4

-32.0

Ln Dcmzlsec

-32.5 A

-33.0
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1/T(K) 10

Fig. 5. The Arrhenius plot In D versus 1/T for (Ug4s5Pug.s5)C
pellet sintered in Ar—8%H,. The slope of this curve will be O/R
from which the activation energy Q can be estimated.
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7. Conclusions

The sintering behaviour of (Ug 45Pug 55)C pellet was
studied with the help of a high temperature dilatometer
from ambient to 1700 °C in reducing atmosphere. The
following conclusions were drawn:

1. The onset of shrinkage of (Ug 45Pug s5)C pellet occurs
at 1450 °C in Ar-8%H,.

2. The expansion in the shrinkage curve in the temper-
ature range of 1200-1400 °C may be due to the reduc-
tion in the oxygen content of the pellet during
sintering.

3. The mechanism for the initial stage of sintering was
considered to be volume diffusion.

4. The activation energy for sintering was found to be
360 kJ/mol for Ar—8%H, atmosphere.
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