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bstract

n this work are given some thermal and mechanical properties of monazite, related to the microstructure. This compound is a poor thermal
onductive (λ < 5 W m−1 K−1), with a thermal expansion in between 9 and 10 × 10−6 K−1 according to the considered crystallographic direction,

nd a relatively high specific heat (Cp ≈ 110 J mol−1 K−1). Mechanical properties of monazite are characteristic of a brittle behavior: bending
trength is of about 100 MPa and fracture toughness is close to 1 MPa m1/2. Porosity plays a large role on both thermal and mechanical properties
ointing out the importance of controlling the whole elaboration process.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

One field of research conducted in the framework of the
rench law of 30 December 19911 describing the management
f long-lived and high-activity radioactive waste consists
n separating the radionuclides in order to perform their
pecific immobilization. It is then necessary to develop and
ptimize adapted host matrices for those radionuclides.2 In
his aim, crystalline materials have been investigated.3 On the
asis of geological observations, monazite, a light lanthanide
rthophosphate LnPO4 (Ln = La to Gd) is viewed as potential
uclear waste matrix for the specific immobilization of minor

ctinides (neptunium, americium and curium). Indeed, 2 million
ears old natural monazite samples have been discovered in
razil.4 These samples remained crystalline, showing that
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onazite is very resistant against metamictization due to alpha
articles.5 Moreover, the monazite structure can anneal the
elf-irradiation defects at a relatively low temperature.6 Another
emarkable property of monazite, which makes this material
ery interesting to be used as a nuclear waste matrix, is its low
olubility in water.7 Despite monazite compounds have been
hown as potential radionuclides matrices, complementary
tudies are necessary to complete the database of those com-
ounds, in particular concerning their mechanical and thermal
roperties that are important for the concerned application. A
ew studies have been devoted to the thermal and mechanical
roperties of LnPO4, especially LaPO4,3,8–11 but no one
escribed the possible influence of the microstructure. On these
ases, this paper deals with the sintering of LnPO4 compounds
Ln = La, Pr, Nd or Eu) and the determination of some of
heir thermal (specific heat, thermal conductivity, coefficient

f thermal expansion) and mechanical (elastic moduli, flexural
trength, hardness and fracture toughness) properties. For
ach property, the eventual microstructure influence will be
iscussed.

mailto:damien.bregiroux@ccr.jussieu.fr
dx.doi.org/10.1016/j.jeurceramsoc.2006.12.005
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. Materials and methods

The LnPO4 powders were synthesized by high temperature
olid–solid reaction of a pure and anhydrous La2O3/NH4H2PO4
ixture, according to the experimental protocol described

lsewhere.12 The reaction was completed by two calcinations
t 1350 ◦C for 2 h in air. The monazite structure was confirmed
y X-ray diffractometry (Bruker-AXS D8, Germany). In order
o increase its reactivity, the powder was ground by dry mixer-

illing of batches of 4 g in a zirconia jar using a zirconia ball
or 3 cycles of 20 min at an oscillating frequency of 18 Hz. The
pecific surface area of the ground powder was measured accord-
ng to the BET method into N2 (Micromeritics Gemini BET
nalyser, USA), and was found ranging from 5 to 10 m2 g−1.

Powder was unidirectionally pressed with a pressure of
5 MPa (Hymatec press, France) into pellets of 30 mm in
iameter. The pellets were then sintered (Nabertherm furnace,
ermany) at 1500 ◦C for 0.1–20 h in air with a heating and

ooling rate of 10 ◦C min−1.
The density of the sintered pellets was determined by the

rchimedean method in water. The relative density was cal-
ulated using the absolute density obtained by He pycnometry
n the powders. Grain size distribution and average grain size
ere calculated upon thermally etched (etching was obtained
y an annealing at 1450 ◦C for 6 min) samples using SEM
icrographs, according to the equivalent diameter disk method

sing a commercial software (Analysis, Soft Imaging System,
lympus). A summary of the typical microstructures is given

n Fig. 1a–c, showing a relatively homogeneous grain size and
n intergranular porosity. Until the relative density of 97%, the
rain growth is very low, and, as soon as this value is reached,
he grain growth occurs rapidly at constant relative density.
The coefficient of thermal expansion (CTE) was measured
y dilatometry (Setaram TMA 92, France) on 2 mm height pel-
ets presenting a relative density close to 98.5%. Samples were
eated up to 1000 ◦C at the rate of 2 ◦C min−1, and an average

(

ig. 1. Microstructural map (a) and typical microstructures of: (b) NdPO4 (relative de
ize, 2.05 �m).
eramic Society 27 (2007) 3207–3213

alue of CTE was calculated in the 200–1000 ◦C temperature
ange. In order to subtract the thermal expansion of the exper-
mental device, a blank experiment has been performed. Tests
f repeatability were carried out by multiple experiments on the
ame sample. The dispersion of the results was thus found to be
.3 × 10−6 K−1. For NdPO4, lattice parameters thermal expan-
ion was investigated by high-temperature X-ray diffraction
HTXRD) using a Pt–10%Rh strip and MgO as internal stan-
ard (the X-ray diffractogram was obtained on a 25/75 weight
atio MgO/NdPO4 powder mix). The specific heat (Cp) mea-
urements were performed on ground powders on a calorimeter
alvet (Setaram C80, France) in the 30–200 ◦C temperature

ange, with a heating rate of 0.2 ◦C min−1. The thermal diffusiv-
ty α was measured on 2 mm thick and 10 mm diameter pellets
y the flash laser method. Degiovanni’s analysis was used to
alculate α since heat losses in the experiment are taken into
ccount.13,14 The thermal conductivity λ was then deduced (Eq.
1)):

= αCpρ (1)

here ρ is the bulk density of the sample. As obtained with
q. (1), λ depends on the porosity of the sample. A relation
educed from the Maxwell–Eucken model15 makes it possible
o overcome this effect (Eq. (2)):

d = 2λ2 − λλp(3fp − 1)

λp + λ(3fs − 1)
(2)

here λ is the calculated thermal conductivity, λp the pores
ne (λp = 0.026 W m−1 K−1 at room temperature) and λd is the
hermal conductivity extrapolated to a fully dense sample. fp and
s are the volume fractions of pores and solid, respectively. Eq.

3) describes the dependence of λd versus grain boundaries15:

1

λd
= 1

λsc
+ nRgb (3)

nsity, 96.8%; grain size, 1.10 �m) and (c) PrPO4 (relative density, 96.5%; grain
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tion between 30 and 200 ◦C. The function is given by Eq. (11)
and its coefficients have been collected in Table 1.

Cp(T ) = a−1

T
+ a0 + a1 × T + a2 × T 2 + a3 × T 3 (11)
L. Perrière et al. / Journal of the Europ

here λsc is the single-crystal thermal conductivity and Rgb is
he grain boundaries thermal resistance and n the number of
rain boundaries crossed by the heat flow (n is equivalent to the
nverse of the grain size).

The elastic moduli were determined on sintered pellets at
oom temperature from measurements of the longitudinal (Vl)
nd transverse (Vt) ultrasonic wave velocities, which were
etermined using two 5 MHz piezoelectric transducers (Ultran,
SA). Young’s modulus (E), shear modulus (G) and Poisson’s

atio (ν) were derived from the following equations:

l =
[

E(1 − ν)

ρ(1 − 2ν)(1 + ν)

]1/2

(4)

t =
√

G

ρ
(5)

=
(

E

2G

)
− 1 (6)

Flexural strength was measured by 3 points bending on mirror
olished 15 mm × 5 mm × 4 mm bars using a 12 mm span and a
.5 mm min−1 crosshead speed (Instron 3342).

Vickers Hardness (Hv) and fracture toughness (KIc) were
easured according to the micro-indentation technique (Paars
hysics MHT-10) on mirror polished (up to 1 �m) samples. The
pplied load was 225 g. KIc is given by the following expres-
ion, which is derived from the model proposed by Evans and
harles16:

Ic = 0.0824
F

c3/2 (7)

here F is the indentation load (in Newtons) and c the average
ength of the induced radial cracks.

. Results and discussion

.1. Thermal properties

The linear coefficients of thermal expansion of the dif-
erent lanthanide phosphates are given in Fig. 2. Values of
TE are between 10 and 11.5 × 10−6 K−1, which is a rel-
tively wide range of variation, but rather low compared
o other potential minor actinides host matrices such as
eodymium substituted britholite (21 × 10−6 K−1)17 or hydrox-
apatite (16 × 10−6 K−1).18 The average value of CTE seems to
ncrease with the atomic number of the lanthanide element, i.e.
hen the ionic radius of the rare earth element decrease. More

xplanations are given in the next subsection of this paper.
HTXRD measurements make it possible to determine the

dPO4 lattice parameters (a, b, c and β) coefficients of thermal
xpansion. Evolutions of lattice parameters (in Å) of the crystal
ell against temperature (in K) are expressed by Eqs. (8)–(10):
(T ) = 6.738 + 6.268 · 10−5T (8)

(T ) = 6.951 + 5.386 · 10−5T (9)

(T ) = 6.406 + 7.168 · 10−5T (10)

F
p
(

ig. 2. Coefficient of thermal expansion of LnPO4 (Ln = La to Gd). Dotted line
ives an indication of the CTE evolution with the lanthanide element.

β seems to be constant with temperature. Fig. 3 represents
he thermal expansion of the lattice parameters (M), com-
ared to their values at 25 ◦C (M0). Eqs. (8)–(10) point out an
nisotropic thermal expansion of NdPO4, as the smallest cell
arameter (c) has the highest coefficient of thermal expansion,
nd the difference with the largest parameter (a) is approxi-
ately 1 × 10−5 K−1 (≈10%). This observation is interesting,

s LnPO4 CTE increases when the lanthanide ionic radius, and
o when the atomic bend length, decreases. The CTE depends
n the inter-atomic potential, as it is a macroscopic consequence
f the potential well dissymmetry (see Fig. 4). In the case of
he monazite structure, the narrower the potential well (or the
maller the atomic bond length), the greater the dissymmetry is,
nd so higher the CTE is.

The heat capacity data have been fitted to a polynomial func-
ig. 3. Thermal expansion of NdPO4 lattice parameters in the 100–1000 ◦C tem-
erature range: a0 = 0.6735 nm, b0 = 0.6950 nm, c0 = 0.6405 nm and β = 103.68◦
from JCPDS 83–0654).
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Table 1
Coefficients of the polynomial fit (Eq. (11)) of the LnPO4 (Ln = La to Gd) specific heat versus temperature

Specific heat Cp(T) (J g−1 K−1), T in ◦C Cp at 50 ◦C

Cp(T) = (a−1/T) + a0 + (a1 × T) + (a2 × T2) + (a3 × T3) (J kg−1 K−1) J mol−1 K−1

a−1 a0 × 10 a1 × 104 a2 × 106 a3 × 108

La 4.14 8.40 −1.50 452 106
Ce 4.34 7.51 −1.18 468 110
Pr 4.20 8.56 −1.57 458 108
Nd −2.19 5.15 −7.98 9.43 −2.67 451 108
S
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M = M0(1 − hP) (12)

M = M0 exp(−bP) (13)
m 4.13 9.70 −1.95
u 4.28 7.74 −1.17
d 3.80 7.73 −1.24

From Eq. (11) and Table 1, heat capacities at 50 ◦C for
nPO4 are calculated to be 106, 110, 108, 108, 112, 112 and
05 J mol−1 K−1 (for Ln = La, Ce, Pr, Nd, Sm, Eu and Gd,
espectively). Those values are in good agreement with the
ork of Thiriet and Popa.19,20 For comparison, the specific
eat is 794 J mol−1 K−1 for britholite.17 It can be highlighted
hat LaPO4 and GdPO4 heat capacities are lower than other
nPO4 ones. The heat capacity of LnPO4 has been previously
escribed19,20 as the sum of a lattice and an excess component.
or LaPO4 and GdPO4, the heat capacity only depends on the

attice term, because of the configuration of the external elec-
ronic layer of the lanthanide, which is 4f0 (empty) for La and
f7 (half-filled) for Gd. For the other lanthanide phosphates, the
eat capacity is higher, due to the existence of the electronic
erm.

For the studied lanthanide elements, values of the dense mate-
ial thermal conductivity λd (obtained from Eq. (2)) have been
eported against the number of grain boundaries. Experimental
lots are given in Fig. 5, and values of single crystal thermal
onductivity λsc and grain boundary thermal resistance Rgb are
eported in Table 2. The influence of the lanthanide element on
sc does not seem to be important. The grain boundaries ther-
al resistances are in the same range of values for the different
anthanide elements. This implies that the grain boundaries of
he different compounds have a similar behavior, which was
xpected, as for any LnPO4 compound no secondary phases
egregated at the grain boundaries have been detected by XRD

Fig. 4. Interaction potential vs. the inter-atomic distance.

F
fl
f
r

456 112
453 112
415 105

nalysis and BSE-SEM observations. Nevertheless, the values of
× 10−7 m2 K W−1 for grain boundary resistance seem rather
igh compared to those observed for oxides such as SnO2 and
l2O3 (1–2 × 10−7 × m2 K W−1).21

.2. Mechanical properties

The elastic properties of LnPO4, considered as an isotropic,
inearly elastic, solid material have been characterized by

easurement of longitudinal and transverse ultrasonic wave
elocities. E, G and ν for LnPO4 (Ln = La, Pr, Nd or Eu) have
een calculated using Eqs. (4)–(6). Experimental data of the elas-
ic moduli are shown in Fig. 6. This figure points out that elastic

oduli decrease with an increasing volume fraction of porosity.
everal empirical models have been proposed to analyse rela-

ionships between elastic moduli and porosity.22 The following
quations describe the two models used for this study:
ig. 5. Evolution of 1/λd vs. the number of grain boundaries crossed by the heat
ow (i.e. the inverse of average grain size). Lines represent the linear regressions
or the different lanthanide elements, and slopes are the grain boundaries thermal
esistances. Arrows indicate two experimental points which seem to be false.
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Table 2
Thermal and mechanical properties of LnPO4 (Ln = La to Gd)

Lanthanide La Ce Pr Nd Sm Eu Gd

αm (10−6 K−1) 10.3 ± 0.5 – 10.9 ± 0.5 10.7 ± 0.5 11.0 ± 0.5 11.1 ± 0.5 11.4 ± 0.5
Cp(50 ◦C) (J K−1 mol−1) 102 110 104 108 112 110 105
λsc (W m−1 K−1) 5.3 – 3.4 4.4 3.9 5.8 4.8
Rgb (m2 K W−1) 2.9 × 10−8 – 7.9 × 10−8 7.5 × 10−8 8.7 × 10−8 1.7 × 10−7 8.0 × 10−8

E0 (GPa) 151 ± 7 – 164 ± 4 164 ± 1 – 202 ± 18 –
G0 (GPa) 58 ± 3 – 64 ± 1 63 ± 0.5 – 79 ± 7 –
ν0 0.298 ± 2.10−3 – 0.307 ± 2.10−3 −3 −3

σr0 (MPa) 109 – 94
R (K) 49.1 – 36.4
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ig. 6. Experimental values of elastic moduli for LnPO4 (Ln = La, Pr, Nd or
u).

here M and M0 represent the modulus of porous and dense
aterials, respectively. P is the volume fraction of porosity, and h

nd b are constants determined by data fitting. Eqs. (12) and (13)
ave been used because they show a valid data fit in our range of
orosity (<40%).23 Table 3 presents the results of the fits. νcalc
epresent Poisson’s ratio calculated from E0 and G0. The two
odels show good experimental fits, as R2 is always higher than

.98. The values of M0 calculated from the two empirical models
re a little different, but it has previously been reported that Eq.

13) had a tendency to over-estimate M0, and Eq. (12) to under-
stimate M0.23 Average values of M0 have been calculated and
re presented in Table 2. Young’s moduli of dense LnPO4 typi-
ally fall in the range 150–200 GPa, depending on the lanthanide

w
c
d

able 3
it parameters of the evolution of the elastic moduli of LnPO4 vs. porosity

odel Ln E0 (GPa) b R2 G0 (GPa)

= M0(1 − bP) La 146 2.573 0.992 57
Nd 164 1.936 1.000 63
Eu 189 2.744 0.992 74
Pr 162 2.784 0.990 63

= M0 e−bP La 156 3.917 0.988 60
Nd 165 2.268 1.000 63
Eu 215 4.901 0.997 84
Pr 167 3.945 0.988 65
0.286 ± 2.10 – 0.295 ± 2.10 –
122 – 99 –
49.6 – 31.1 –

lement: E0 increases when the atomic number of the lanthanide
lement increases. It is of interest to notice that the CTE and the
oung’s modulus follows the same evolution with respect to the

anthanide element. Indeed, as the CTE, the Young’s modulus is
consequence of inter-atomic potential: E depends on the sec-
nd derivate of the potential curve at the equilibrium position
see Fig. 4). Experimental observations lead to the hypothesis
hat, in the case of monazite structure, a narrow potential well
obtained for a small ionic radius) has for consequence both a
igh Young’s modulus and high CTE. The values of elastic mod-
li determined by this study are bigger than the ones determined
y Morgan,9 but the elaboration techniques are different and the
icrostructure is not precisely described. Compared to other
aterials of same interest such as britholite, LnPO4 Young’s
oduli are higher,17 but in the same range of values.
Fig. 7 shows the evolution of LaPO4 flexural strength

gainst the average grain size. Evolution of density against
rain size is also exposed. The maximal flexural strength
σf = 104 ± 12 MPa) is obtained for a fine grain size and dense
aterial. This value is indicative of a brittle behavior of LaPO4.
rPO4, NdPO4 and EuPO4 flexural strengths follow the same
ehavior at constant porosity. Flexural strength decreases with
ncreasing grain size. It can be explained by the size of the
oarsest grains that control the failure of dense polycrystalline
eramics. Dependence of fracture strength versus grain size can
e expressed by the following law23:

f = Ada (14)
here d is the average grain size, A and a are two experimental
onstants (0.2 ≤ a ≤ 0.9). No fit of Eq. (14) to the experimental
ata was performed, because of a lack of experimental data and

b R2 ν0 b R2 ν0 Calculated

2.459 0.995 0.296 1.103 0.869 0.288
1.543 0.998 0.305 2.147 0.974 0.303
2.691 0.992 0.285 0.734 0.944 0.277
2.679 0.991 0.295 0.851 0.670 0.293

3.656 0.990 0.299 1.292 0.856 0.297
1.747 0.997 0.308 2.558 0.981 0.306
4.734 0.996 0.286 0.820 0.951 0.286
3.747 0.983 0.295 0.929 0.658 0.295



3212 L. Perrière et al. / Journal of the European Ceramic Society 27 (2007) 3207–3213

F ) Opti
fl ; gra
p

t
l
t
a

σ

w
m
R
T
E
c
e
f
fl
1

t
t
a

t
o
c
N
m
L

T
R

L

σ

h
a
1
fi
h
t
o
u
K

fi
t
to initiate cracks in the material.

R = σf(1 − ν)

αE
(16)
ig. 7. (a) Flexural strength of LaPO4 and relative density against grain size. (b
exural strength is maximum. (c) Coarse grained sample (relative density, 96.8%
ores and micro-cracks.

he grain size range was not broad enough to permit good calcu-
ations. In the case of porous materials, the pores that constitute
he critical defects govern fracture. Evolution of fracture strength
gainst porosity can be described by a classical expression:

f = σ0 exp(−bP) (15)

here σ0 is the extrapolated flexural strength for a totally dense
aterial, b the experimental constant and P is the porosity ratio.
esults from Eq. (15) fitted to the experimental data are given in
able 4. Only LaPO4 flexural strength data show a good fit with
q. (15). The low values of R2 for the three other compounds
an be explained by the relative lack of experimental data. How-
ver, it is remarkable that the values of σ0 are not so different
or the four-studied LnPO4. For comparison, britholite maximal
exural strength is about 80 MPa,17 and hydroxyapatite one is
35 MPa.18

SEM examination of the fracture surfaces (Fig. 8) revealed
he presence of both intergranular (circle) and intragranular (dot-
ed circle) cracks. It proves that the crack propagation occurs
ccording to a mixed mode of failure.

Micro-indentation experiments pointed out the extreme brit-
leness of those compounds. Indeed, it was very difficult to
btain indents permitting HV and KIc calculations. Excessive

hipping occurred, and generally invalidated the calculation.
evertheless, some indents were good enough to permit crack
easurement and then fracture toughness determination. For
nPO4 (Ln = La, Pr, Nd or Eu), only six dense samples

able 4
esults of experimental fit of flexural strength vs. porosity

anthanide La Pr Nd Eu

f = σ0 exp(−bP) σ0 (MPa) 109 94 122 99
b 5.09 3.69 2.47 2.37
R2 0.98 0.94 0.88 0.83

F
s
i

mal microstructure (relative density, 98.3%; grain size, 1.99 �m) for which the
in size, 4.71 �m) with low fracture strength due to the presence of intragranular

ave been characterized, and showed a Vickers Hardness of
pproximately 5.0 ± 0.5 GPa and a fracture toughness around
± 0.1 MPa m1/2. The values determined by this study are just
rst indications of the real values, as not enough samples
ad been characterized for a good statistical study. However,
hose values are in accordance with previous works.8–10 The
ther potential minor actinides host matrices exhibit similar val-
es for fracture toughness (KIc(britholite) = 0.75 MPa m1/2,17 and
Ic(hydroxyapatite) = 1.2 MPa m1/2,18).

From the previous results, it was possible to determine the
rst parameter of thermal shock resistance, R, which represents

he theoretical instantaneous difference of temperature required
ig. 8. SEM micrograph of a NdPO4 sample (relative density, 98.6%; grain
ize, 2.59 �m). Transgranular fracture typical steps and grains prints indicating
ntergranular fracture are visible on the picture.
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values are summarized in Table 2. For LnPO4 (Ln = La, Pr, Nd
r Eu), R is in between 30 and 50 ◦C. It means that monazite is
ot thermal shock resistant since it cannot support a temperature
ariation higher than 50 ◦C without cracking.

. Conclusions

The thermal and mechanical properties of LnPO4 (Ln = La to
d), a potential host matrix for minor actinides immobilization,
ave been measured as a function of the microstructure. From
mechanical point of view, monazite showed a brittle behav-

or (σf < 130 MPa) associated to low fracture toughness (about
MPa m1/2). This brittle behavior made the micro-indentation
nalyses very imprecise, due to major chipping of the material.
erhaps the macro-indentation technique would be more appro-
riate in that case. LnPO4 Young’s modulus (founded to be in
etween 150 and 200 GPa) and the coefficient of thermal expan-
ion (≈ 9.5 × 10−6 K−1), increase with an increasing atomic
umber of the lanthanide element. We could show that porosity
lays an important role in both thermal and mechanical prop-
rties. For example, the flexural strength is divided by three for
aterials with density of 98% to 60% of the theoretical den-

ity, respectively. The relatively high value of the coefficient of
hermal expansion, associated with the low mechanical prop-
rties, induces a weak resistance to thermal shocks. In a view
f using the material as a nuclear waste matrix, the low ther-
al conductivity and the high specific heat of LnPO4 limit the

emperature rising associated with the nuclear disintegration of
adionuclides, but also limit the annealing of irradiation defects
y temperature.
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