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Abstract

The thermal properties and the response to fission-product damage of CePO, were studied in view of its potential
application as inert matrix for the transmutation of transuranium elements in nuclear reactors. The thermal expansion of
CePO, has been recorded from 293 K to 1323 K using X-ray diffraction. The reduced enthalpy increment of CePO, has
been measured by drop calorimetry from 474 K to 934 K. The laser-flash technique was used to measure the thermal
diffusivity between 300 K and 1150 K. lon implantation studies were performed at 813 K with 72 MeV **'| jons and at

room temperature with 403 MeV **°

actinides. © 1998 Elsevier Science B.V.

Snions. The results are not favourable for the use of CePO, as inert matrix to incinerate

1. Introduction

The mineral monazite, a rare-earth phosphate, occurs as
an accessory mineral in granitic rocks and is the principal
source for the commercial production of cerium and other
lanthanide elements. Monazite has the ability to incorpo-
rate large amounts of thorium and uranium and remains
crystalline despite the high a-decay doses (> 1 dpa, dis-
placement per atom) induced by these elements. «-decay
produces a-particles (=5 MeV, producing =200 dis-
placementsin the lattice). The recoil atoms of the a-decay,
eg. 'Np in the decay of **Am, =100 keV, produce
= 1500 displacements in the lattice. For this reason syn-
thetic monazite is being considered as a storage medium
for transuranium elements like plutonium and americium
[1-3].

The a-decay resistance and the ability to incorporate
thorium and uranium make synthetic monazite (CePO,)
also an interesting support material for uranium-free fuels

* Corresponding author. Tel.: +31-224 564 386; fax: + 31-224
563 608; e-mail: k.bakker@ecn.nl.

that are considered for the incineration of plutonium and
americium, especialy in once-through scenarios. While
being reactor irradiated, monazite will experience the im-
pact of fission products with 70 to 100 MeV energy, one
fission event producing =1 x 10° displacements. The
range of fission products is =8 pm, compared to =20
pm for a-particles and = 0.03 pm for recoil atoms. At
present no information is available on the influence of
irradiation with fission products on the microstructure of
CePO,. A useful technique to study fission damage is by
using high-energy ion beams. This avoids the formation of
radioactive species and the need to work in hot cells. The
only information that exists about the influence of ions on
the microstructure of CePO, has been obtained at energies
that are much lower than the energies of fission products
[4,5]. Monazite becomes metamict during irradiation with
1.5 MeV Kr ions at doses below 1 dpa [4]. Karioris et al.
[5] have shown that monazite becomes also metamict when
bombarded with Ar ions (3 MeV). It recrystalizes by
annealing at approximately 570 K for 24 h. The stability
against fission product impact at fission energy is studied
in the present investigation.
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In addition to the influence of irradiation on the mi-
crostructure, the thermal properties of monazite are also of
major importance for the applicability of monazite as a
support material for uranium-free fuels. The thermal con-
ductivity is one of the main thermal properties, since it
influences directly the central temperature of the fuel.
Since CePO, melts at 2318 + 20 K [6], the thermal con-
ductivity of CePO, must be relatively large in order to
keep a safe margin between the central temperature and
the melting point. Other properties that have been deter-
mined in the present study are the heat capacity, which is
an important parameter for the safety analysis and the
thermal expansion which is important for the design of the
fuel.

2. Experimental

CePO, was prepared from Ce,(SO,); - 9H,0, which
was dissolved in water. This solution was added to a
NH,H,PO, solution and after thoroughly stirring the pH
of the solution was adjusted to 4. The ratio of Ce,(SO,); -
9H,0 to NH,H,PO, that is thus obtained is approxi-
mately 0.1. The CePO, precipitate was filtered, dried at
400 K and heated in air at 1273 K. The powder obtained
was pressed into pellets and sintered in air at 1873 K for
10 h. The densities of the thus obtained pellets showed a
variation between 75% and 95% of the theoretical density,
but this method is not reproducible. In the present study
CePO, was therefore also produced using the procedure
described by Hikichi and Nomura [6], using an agqueous
solution of CeCl, - 7H,0 (0.05 mol dm~2). The solution
was rapidly added to a dilute H;PO, solution (P/Ce maole
ratio 20). After mixing the pH was adjusted to 1 using
diluted NH,OH. This mixture was stirred overnight and
the CePO, precipitate was filtered and washed four times
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Fig. 1. Scanning electron microscopy image of a single-phase
CePO, sample. The small dark areas are pores.
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Fig. 2. Scanning electron microscopy image of a two-phase
CePO, sample. The light areas are the CePO, phase, the dark
areas are the CeP;0O4 phase.

in water and two times in acetone and dried at 383 K. This
powder was milled, heated in air at 1273 K, pressed into
pellets, and sintered in air at 1873 K for 5 h. Using this
technique pellets with a reproducible theoretical density
between 85% and 90% were obtained.

X-ray diffraction analysis did not reveal other phasesin
the CePO, samples. However, using optical microscopy it
was observed that a small amount of second-phase mate-
rial is present at the grain edges in some of the samples.
Using EDX microanalysis the second phase material was
identified as CeP;0,4. The formation of the CeP,0, phase
is probably caused by the excess of NH,H,PO,in the
solution during the preparation. Since the CeP,04-phase is
only present at the grain boundaries it is assumed that
CeP,04 has a lower melting point than CePO,. In the
samples with a relatively high density (85%-95%) the
CeP,04-phase is present, while in the low density (75%—
85%) samples this phase is absent. From this observation it
can be concluded that the CeP;O4-phase increases the
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Fig. 3. Thermal expansion of CePO, for the three axes and for the

volume/3. O c-axis, a a-axis, & volume/3 and O b-axis. The
lines represent fits (Egs. (2)—(5)) through these data.



E

Table 1
Thermal expansion of CePO,

T T T T T N T T T

T (K) Aa/a(293 K) Ab/b(293 K) Ac/c(293K) 1/3AV/V(293 K)
523 2.27 %1078 1.95x 1073 221x 1078 219x 1078
773 4.06x 1072 3.96x 1072 467x10°° 431x10°8
1023 6.90 x 1072 548 x 1073 7.64%x 1078 6.76 X 1078
1323 10.99 X 103 841x 1073 11.25x 1073 10.29 x 10~ 8

density, probably by liquid phase sintering. The mi-
crostructures of two samples without and with the second
phase, respectively, are shown in Figs. 1 and 2. In the
present investigation only single-phase CePO, samples
have been used, except for the “°Sn ion implantation
study. The sintered pellets are much softer and are more
easily broken than most other ceramics.

Thermal expansion measurements were performed us-
ing X-ray diffraction in air with a Guinier—Lenné camera
(CuKay, radiation), using a-SiO, as an external stan-
dard. Measurements were performed at room temperature,
523 K, 773 K, 1023 K, and 1323 K in sequentia order,
after which the sample was cooled down to room tempera-
ture and another measurement was performed.

The enthalpy increments were measured in an isother-
mal diphenyl-ether drop-calorimeter, as previously de-
scribed by Cordfunke et al. [7]. For the experiment 5.53 g
of CePO, was enclosed in a quartz capsule of 1.69 g.

The thermal diffusivity (d) was measured with the
laser-flash technique. The thermal conductivity (A) was
derived combining the data on the thermal diffusivity, heat
capacity (c,) and the density ( p):

A=dpc,. (1)

lon implantation studies of pellets of CePO, were per-
formed at the

Table 2
Enthalpy increments of CePO,
T (K) {HO(T)— H%(298.15K)} Imol~1) & (%)
experimental calculated
474.1 20674 20752 —-0.38
499.4 24081 24010 0.30
525.0 27352 27356 —0.01
576.1 34136 34175 -0.11
627.1 41210 41148 0.15
678.4 48443 48317 0.26
729.1 55379 55542 —0.29
780.8 62966 63046 -0.13
831.1 70641 70473 0.24
883.0 78162 78263 -0.13
933.7 86025 85991 0.04

+ TASCC accelerator, Chalk River, AECL, Canada
(cooperation with RA. Verrall and P.G. Lucuta) using a
beam of an element occurring in fission with its proper
fission energy, i.e. **’I a 72 MeV, and the

- GANIL accelerator, Caen, France (cooperation with
M. Toulemonde) using a beam of *°Sn at the very high
energy of 403 MeV.

3. Thermal properties

3.1. Thermal expansion

CePO, has a monoclinic crystal structure in which the
following room temperature lattice parameters have been
obtained in the present study: a= 0.67971(9) nm, b=
0.7023%(8) nm, ¢ = 0.64739(11) nm and B8 = 103.47°. The
variation of B in the temperature range from 293 K to
1323 K was found to be smaller than our experimental
inaccuracy (< 0.04°). The room temperature results are in
good agreement with the data of Uedo [8], who observed:
a = 0.68004(11) nm, b = 0.70231(13) nm, c =
0.64717(10) nm and B = 103.46°.

The changes of the lattice parameters a, b, ¢, and of a
third of the volume are shown in Fig. 3 and in Table 1.
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Fig. 4. The measured and the fitted reduced enthalpy increment
data and the heat-capacity curve of CePO,.
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Fig. 5. Thermal conductivity of fully dense CePO,. The lines
represent Egs. (10) and (11).

The following equations represent the results:
Aa/a(293K) =7.32X 10 ® x (T — 293)
+3.18 X 1079 x (T — 293)°.
Ab/b(293K) = 7.77 X 107 ® x (T — 293)
+2.72X 10710 x (T — 293)°,
Ac/c(293K) =9.00 X 107 ¢ X (T — 293)
+1.88x 1079 x (T - 293)°.
1/3AV/V(293K) = 8.25x 1075 X (T — 293)
+1.63 % 1079 X (T — 293)°,

The measured values of the lattice parameters after the
thermal expansion measurement show a dlight increase
(=5x 1071 m), compared to the initially measured lat-
tice parameters, which is due to the experimental setup of
the X-ray equipment. To derive Egs. (2)—(5) only the
initial room temperature measurement has been used. The
error in the thermal expansion data, which is approxi-
mately 10%, has been deduced by comparing the measured
lattice parameters before and after the thermal expansion
measurement.

T T T T T N T T T

Table 3
Thermal diffusivity d and thermal conductivity A of 100% dense
CePO,

T (K) d(mm?s b AWm—tK™1
303 1.073 2.51
320 1.084 2.62
410 0.797 2.14
440 0.736 2.03
462 0.732 2.05
481 0.607 1.72
611 0.491 1.48
654 0.483 1.48
723 0.468 1.47
779 0.478 1.53
833 0.471 1.53
885 0.487 1.61
937 0.490 1.64
962 0.483 1.63
989 0.493 1.67

1041 0.483 1.66

1091 0.485 1.69

1145 0.479 1.69

The thermal expansion of the b-axisis smaller than that
of both the a and the c-axis. Hikichi et al. [9] determined
the linear thermal expansion coefficient («) of approxi-
mately 99% dense CePO, ceramics using a dilatometer.
They reported: a(298 K)=9x107°% K™%, a(773 K) =
10x107% K71 and «(1573 K)=11x10"% K~1. Our
data suggest a dlightly stronger temperature dependence of
the linear thermal expansion.

3.2. Enthalpy increment

The results of the drop caloric measurements for CePO,,
are listed in Table 2. The results have been fitted to the
polynomial
HO(T) — H%(298.15K) (Jmol 1)

=119.95796 X T + 1.9490197 X 102 X T?2

+2.412137 X 108 X T~ — 45588.4 (6)
applying HYT)—H%298.15 K)=0 at 298.15 K as

1017 jons/cm?, 72 MeV, 540°C

4.00 mm

0.00 mm 0.00 mm

Fig. 6. Laser scan of CePO, irradiated with 1 x 10 27| ions cm~2 of 72 MeV energy at 813 K showing the large swelling of the

irradiated spot.



boundary condition. The heat capacity is the derivative of
the enthalpy increment

C,(JK~"mol 1) =119.958 +3.898 X 10 > X T
—2.412x105x T2 @)

Both equations are accurate within 1% in the temperature

range between 474 K and 934 K. Extrapolation of Eq. (7)

yields a heat capacity of 104.446 JK ! mol ~! at 298.15
K. The measured and the fitted reduced enthal py increment

lunimplanted|

s
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data ({H°(T) — H°(298.15 K)} /(T — 298.15 K)) and the
heat-capacity curve are shown in Fig. 4.

The heat capacity of CePO,, expressed per unit of
volume, is nearly identical to that of UO,. Hikichi et al. [9]
determined the heat capacity at 298 K (1011 J K1
mol ~1) and at 773 K (138.7 JK = mol ~1). Their result at
298 K is 4% lower than our extrapolated heat-capacity
curve and their measurement at 773 K is 5% lower than
our curve. Hence, reasonable agreement is observed.

A differential therma analysis experiment has been
performed between room temperature and 1973 K using a

Fig. 7. Scanning electron microscopy image of CePO, irradiated with 3.2 X 10% 1851 ions cm™2 of 403 MeV energy at room temperature.
The upper part shows the edge of the beam spot, the lower part shows details of the irradiated area.
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Bahr thermoanalyse DTA typ 701. No transitions have
been observed in CePO, in this temperature range.

3.3. Thermal diffusivity and thermal conductivity

The thermal diffusivity has been measured by the laser
flash technique, using a CePO, sample with a density of
80.2% th.d. From these data the thermal conductivity (Fig.
5 and Table 3) has been obtained using the heat capacity
data and the density (corrected for therma expansion)
described in the previous sections. The measurements were
corrected to a density of 100% using Eq. (8), that describes
the influence of randomly ordered spherical porosity on
the thermal conductivity [10]

f=(1-p)" (®)
where p is the porosity and f is the heat flow in the
porous material divided by that in fully dense material.

In the temperature range presently investigated the
thermal conductivity of most ceramic oxides is governed
by the phonon contribution which is described by

A=1/(A+BT). (9)

Only below 500 K the CePO, data can be described by Eq.
(9). Various effects might cause the deviation from Eg. (9)
for temperatures above 600 K, such as: (i) an electronic
contribution to the thermal conductivity [11], or (ii) the
thermal conductivity becomes constant since the phonon
mean free path has reached its lower limit [12].

The following equations are fits through the data:

AWM K1) =389-427x1073xT

(300K < T <574K), (10)
AMWmM 1K) =117+473x104xT
(574K < T < 1150K). (1)

These fits are made in order to simplify the application of
the data. It is not claimed that at 574 K a sharp kink exists
in the thermal conductivity. The inaccuracy of the thermal
conductivity data is approximately 15%, which is mainly
induced by the thermal diffusivity data and the porosity
correction. The thermal conductivity of approximately 99%
dense CePO, as determined by Hikichi et al. [9] at two
temperatures is; A(298 K) =3.08 W m~! K~ and A(773
K) =181 W m~! K™%, These two values are both approx-
imately 20% higher than our values.

4. lon implantation studies

Typical results of ion implantation studies are shown in
Figs. 6 and 7. Fig. 6 is a laser scan of the implanted
surface, which shows that the swelling of CePO, is very
large under fission product impact, even at low doses and
at elevated temperature. The implanted spot ‘ pops out’ due
to the unilateral swelling, as has been observed before on

T T T T T N T T T

eg. Al,O; [13]. This swelling is of the order of 20%
though the damage produced corresponds to that of a very
short irradiation of < 0.1% FIMA only. The state of the
swollen material (crystalline or amorphous, origina grains
or polygonized) has not been analyzed yet. It is planned to
apply transmission electron microscopy to determine the
microstructure. A similar poor irradiation stability of CePO,
was observed during irradiation with 1.5 MeV Kr ions [4]
and 3 MeV Ar ions [5]. Fig. 7 shows the consequences of
the impact of ions with high energy. The implanted areais
seen to be fractured and part of the fracture pieces has
been expelled by the ion impact, the mechanism probably
being Coulomb explosion.

5. Discussion

The thermal conductivity of CePO, is relatively small
compared to that of nuclear fuels (eg. UO,) or other
potential inert matrix materials (e.g. MgAl,O,, Y;AlI50;,).
The combination of a low thermal conductivity and the
low melting point (2318 + 20 K) [6] is very unfavourable,
since it limits the maximum alowable power generated
during reactor operation. Low power operation of the fuel
decreases the transmutation rate and has an unfavourable
influence on the economics of the transmutation process.

In order to analyse the influence of the low thermal
conductivity a radial temperature profile in a CePO, trans-
mutation fuel pellet contained in a fuel rod has been
computed (Fig. 8) using the following conditions and
conservative assumptions:

+ The thermal conductivity of a mixture of CePO, with
actinide oxides is identica to that of CePO,, and the
thermal conductivity is not influenced by irradiation.

+ The thermal conductivity of CePO,, as determined in
the temperature range between 574 K and 1150 K (Eqg.
(11)), can be extrapolated to 1800 K.

- The power generated in the fuel is 22 kW m~?! and
the power density along the radius of the fuel is constant.
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Fig. 8. Radial temperature distribution in a CePO, pellet in which
a power of 22 kW m~1 is generated.
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+ The diameter of the CePO, pellet is 9.0 mm, the
density of the pellet is 95% th.d. and the outer temperature
of the pellet is 673 K.

At the relatively low power of 22 kW m~? the central
fuel temperature is only = 540 K lower than the melting
temperature of CePO,. This temperature difference is in-
sufficient for safe operation of the fuel. Fig. 8 givesonly a
rough estimation of the temperature profile in the fuel due
to the extrapolation of the therma conductivity over a
large temperature range and due to the fact that the influ-
ence of irradiation on the thermal conductivity is unknown.
It is likely that the thermal conductivity of CePO, will be
strongly reduced by the irradiation induced swelling and
by defect formation and that the central temperature will
increase even further.

The radiation stability against fission damage and im-
pact of high energy ions of the CePO, used in this study is
very poor. Especially the impact of the 72 MeV **'I ions
on the CePO, sample at 813 K is of importance since these
conditions are fairly comparable to the conditions experi-
enced by CePO, when it serves as a support material for
transmutation. The main difference between these two
conditions is the irradiation rate. This difference amounts
to about three orders of magnitude. No information exists
on dose rate effects in CePO,. Information is available for
UO,, and the existing evidence does not show significant
dose rate effects [13].

The results suggest that the stability of CePO, towards
o-decay is different from that towards ion implantation,
which seems to indicate a dose rate effect. However, the
energy-loss conditions of the damaging ions and the defect
cascades formed in fission and in o-decay are vastly
different. These two different damage sources should
therefore not be directly compared.

6. Conclusion

Because of the rather low thermal conductivity in com-
bination with the relatively low melting point together with

T T T T T N T T T

the poor radiation stability against high energy heavy ions
(simulating fission product damage), it is concluded that
cerium phosphate is not a suitable inert matrix material.
Our results do, however, not imply that monazite is not a
good matrix to embed actinides for long time storage.
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