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Abstract:
The direct sintering of Ndi-2xCaxThxPO4-nH,O rhabdophanes (x = 0 — 0.1) was achieved for the first

time resulting in homogeneous high-density monazite-cheralite pellets. Thanks to their large specific
surface area, rhabdophane precursors led to a lower shrinkage temperature compared to samples
synthesized through solid-state reactions. The associated activation energy was found between 361 + 90
and 530 * 90 kJ.mol™, depending on the thorium incorporation. Meanwhile, sintering map was built up,
showing that densification predominated for T < 1200 °C. Conversely, the complete densification took
place at 1400 °C concomitantly to grain growth and elimination of open porosity. Moreover, Th-Ca
coupled substitution seemed to inhibit both densification and grain growth as the average grain size

dropped down one order by one order of magnitude between x = 0.0 and x = 0.1. However, these
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differences did not affect microhardness, which reached 4.9 + 0.8 GPa whatever the chemical

composition tested.
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1. Introduction

Monazite has been reported as a promising ceramic matrix for long-term radioactive waste
management, especially for the specific conditioning of actinides [1]. Considered as the second most
abundant mineral source of rare earth elements and the first one for thorium [2, 3], monazite fulfills
several requirements as a radwaste matrix, i.e. a significant weight loading in actinides (AnO; > 16
wt. %, with An = Th/U in natural samples) [4, 5], high chemical durability [6, 7], and strong resistance

to radiation damages [8].

The oxidation state of the actinide elements is a key factor during their incorporation into the
monazite structure. If direct incorporation has been widely reported for trivalent actinide (e.g. Pu, Am)

by forming LnixAn'"xPO4 solid solutions [9, 10], that of tetravalent actinides is limited to several wt. %.
A coupled substitution is then required to achieve the insertion of important amounts of An(IV) [11].
One of the two most documented mechanisms is to replace partially the lanthanide elements by divalent
cation (e.g. alkaline earth metal) and tetravalent actinide to form Ln;.oxAn'VxM'xPO4 monazite-cheralite
solid solutions. The second one lies on the substitution of phosphate groups with silicate entities, leading
to Lnz«An'V«(PO4)1x(SiO4)x monazite-huttonite solid solutions [4, 12, 13]. In our previous study, the
first type of substitution was explored through hydrothermal syntheses, leading to single-phase Th-
bearing rhabdophanes LniaxThxCaxPO4-nH20 (Ln = Pr/Nd, x = 0 — 0.15) [14]. Later, the as-synthesized
rhabdophanes were successfully converted into single-phase monazite-cheralite solid solutions,
Ln1oxThxCaxPOa. Both dehydration and conversion steps of the rhabdophane precursors were monitored
and investigated [15], showing that pure monazite-cheralite could be obtained by simply heating Th-
rhabdophane synthesized in hydrothermal conditions at T = 1100°C. Nevertheless, the possibility to
obtain high-density monazite-cheralite ceramics directly from the associated rhabdophane precursor

remained unexplored.

Although, several studies have been dedicated to the sintering of monazite or monazite-cheralite
ceramics. Hikichi et al. reported on the thermal, mechanical and chemical properties of sintered
monazite end-members (LnPO4 with Ln = La, Ce, Nd, and Sm) and pointed out the importance of the
initial specific surface area of the precursor to obtain high-density ceramics. A monazite-type NdPO.
precursor, converted from rhabdophane at 600°C for 2 h (Ssa =~ 60 m?.g™%), led to a ceramic with a relative
density close to 99 %TD (theoretical density) after sintering at 1200°C for 5h [16]. Bregiroux et al.
investigated the effect of the synthesis route of precursors on the sintering ability of the monazite
ceramic LnPO, (Ln = La, Ce, and Y) [17] and explored direct sintering from LaPO4-nH,O precursor.
After heating at 1400°C for 1h, the ceramic obtained by direct sintering of the rhabdophane presented a
relative density of 95.5 %TD while sintering from monazite required Ln(POz3); as a sintering aid or a
pre-milling step to reach comparable density values. A similar conclusion was drawn by Arinicheva et

al. who recently studied the sintering and mechanical properties of monazite-type LaixEuxPQOa. In their



study, the densification of the monazite powders was performed at 1350°C through hot pressing to reach
dense ceramics (98 %TD) [18]. Later, Neumeier et al. modified this protocol to produce LagsEugsPO4
pellets (with 92.5 %TD) by natural sintering at 1450°C for 5h [19]. The starting monazite powder was
obtained from conversion of rhabdophane, leading to a large specific surface area of about 100 m?.g*
[20].

Contrary to monazites, all reports concerning the sintering of monazite-cheralite ceramics involved
dry chemistry routes based on solid-state reactions. For example, Montel et al. and Glorieux et al.
reported the sintering of Lag73Ce009Tho.09Ca00sPO4 [21, 22], which first required long-time high-
temperature heat treatments (1250 °C for one night) to obtain the precursor powder. Besides, several
milling cycles were applied in order to ensure its homogeneity and to increase its specific surface area
(6 — 7 m2.g™Y). Sintering was finally undertaken at 1450°C for 4h to reach a final relative density above
95 %TD.

According to these results, direct sintering of rhabdophanes into Ndi-2xThxCaxPO4 monazite-
cheralite ceramics is then expected to provide several advantages such as a large initial specific surface
area which favors powders sintering, no need for high-temperature heat treatment and milling cycles, as
well as a good homogeneity of the final powder in terms of cations distribution. Besides, the scarce
works related to Th-bearing monazite-cheralite ceramics were usually based on a unique composition.
The effect of the coupled substitution on sintering then needed to be investigated. In this frame, sintering
map, which represents the variation of the average grain size as a function of the relative density under
various experimental conditions (e.g. chemical composition, temperature, time, etc.), appears as an
useful tool to develop the understanding of Th-doping influence and monitor the final microstructure of
the ceramics. Nevertheless, few studies have been done on radioactive materials. In our knowledge, only
Clavier et al. have reported the sintering map of ThO, [23] while Cherkaski et al. published the diagram
of ThixYxOazx2 [24]. Consequently, the sintering map of Ndi-xThxCaxPO4 (x = 0 - 0.1) solid solutions
will be established in this study.

Finally, if several authors reported on the mechanical properties of LnPO4 monazite end-members
[13, 18, 25], no data is available for monazite-cheralite solid solutions. As such data remain of primary
importance to anticipate the microstructural evolution of the ceramic wasteform under chemical or
radiative stresses, and provide insights on its sustainability, the microhardness of Ndi-oxThxCaxPO4 was

also determined.



2. Experiments

2.1. Synthesis of rhabdophane-type Ndi-2xThxCaxPOs-nH20 precursors

The synthesis of Ndi-2xThxCaxPO.-nH,O rhabdophane precursors followed the procedure
reported in our previous works [14]. All the metal salts were provided by Sigma-Aldrich and were of
analytical grade, i.e. NdCls-6 H,0, CaCl,-2 H,0, Th(NO3)4-4-5 H,O while acid solutions were prepared
from HsPO, (85% Sigma-Aldrich), HCI (37% Carlo-Erba), and HNO; (69.5% Carlo-Erba). With the
aim of avoiding their hygroscopic behavior, especially for thorium nitrate and neodymium chloride, the
metal salts were dissolved in acid solutions (i.e. NdCls; and CaCl; in 0.1 M HCI, Th(NO3)4 in 4 M HNO3).

The concentrations of these solutions were further determined by ICP-OES measurements.

During the hydrothermal synthesis, thorium, and neodymium acidic solutions were first
introduced into a Teflon® jar in the desired stoichiometric ratio. The calcium solution was then added
with a 1000 % excess regarding to thorium amount. Indeed, from our previous works, the initial Ca:Th
ratio was found to be a prevailing factor driving the calcium incorporation in the rhabdophane-type
precursor, probably through the modification of Ca speciation in solution. Such a large excess was then
adopted to fully operate the charge compensation, but also to promote the crystallization of the solid
[14]. Finally, 5M H3PO, with a 3% molar excess regarding Nd*" and Th*" was added dropwise. The
mixture was stirred for 15 minutes then sealed in the hydrothermal reactor and heated in an oven at
110°C for 4 days. The obtained rhabdophane precipitates were washed twice with distilled water and
once with ethanol, then dried at 90°C overnight. Finally, the obtained powder was ground manually in

an agate mortar.

2.2. X-ray diffraction

XRD analyses were performed on powders and pellets using a Bruker D8 ADVANCE
diffractometer with Cu Ka radiation (A = 1.54184 A). Powders were placed in a dedicated sample holder
to avoid any radioactive contamination. This dome-shaped container equipped with an anti-scattering
blade still can led to enhanced background as well as small variations in peaks intensities. On the other
hand, pellet samples were previously polished to reach a mirror-grade surface and analyzed without the
anti-contamination device. The same reflection geometry was applied for these two kinds of samples
with 20 ranging from 5 to 100° for data collection. A A6 step of 0.019° with a collection time of 3.68 s
per step was considered. In addition, a powder pattern of pure silicon was collected in similar conditions
and used as an external standard to extract the instrumental function. The collected patterns were refined

by the Rietveld method using the Fullprof_Suite package [26].



2.3. Pellets preparation

Before the heat treatments, rhabdophane precursors were pelletized by uniaxial pressing (500
MPa) at room temperature. For dilatometric studies, a typical mass of about 200 mg was used into @5
mm die, resulting in green pellets of about 2 mm in thickness (green density = 60-65 %TD). For the
establishment of sintering maps, @8 mm die was used in order to produce larger pellets and facilitate
further manual polishing step. In this case, about 300 mg of powder was used while applied pressure

remained unchanged, resulting in similar green densities.

2.4. Density measurements

Mass of sintered pellets was first measured by Mettler Toledo analytical balance. The bulk
volume was then determined by geometric measurements with the help of a precision caliper, leading
to bulk density values. In parallel, the helium density, which eliminates the contribution of the open pore
volume, was determined by helium pycnometry, thanks to a Micromeritics Accupyc 1340 apparatus.

The theoretical density (TD) was calculated by using the unit cell volumes as follows:

din. = (1)

NaxV

where M is the molar mass of the compound, Z the number of formula units per cell, Na the Avogadro
number and V the unit cell volume. These volumes were either selected from previous publications or
calculated by linear interpolation between NdPO4 and CaosThosPO4 end members [27, 28]. Finally, bulk

and helium densities were used to deduce the respective contributions of open and closed porosities.

2.5. Dilatometry

Dilatometric measurements were conducted on a Setaram Setsys Evolution apparatus with the
aim to determine the temperature range to be used for the establishment of Nd1-»xCaxThxPO4 sintering
maps. Green pellets were initially disposed between two alumina platelets and then heated up to 1400 °C
under airflow, with a heating rate of 5 °C min™. The same rate was applied to cooling in order to avoid

thermal fracture.

The activation energy associated with the densification was also determined thanks to the Dorn’s
method, which is based on several incremental isothermal heat treatments (1000-1500°C). According to

the Johnson’s model, the linear shrinkage under isothermal process is a function of time:
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Supposing that the grain growth during densification is negligible, so that:

k(T) = %exp (— g—;) (4)

In this study, the temperature gap between the two successive isothermal treatments T and T, is small
enough (50°C) and the heating rate is high (30°C/min) which leads to:
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The ratio between the associated velocities of densification could be presented as:
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Consequently, the activation energy could be deduced:
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2.6. Electronic microscopy and image processing

Prior to SEM observations, sintered pellets were polished to reach an optical grade (with a 1 um
diamond spray). Grain boundaries were further revealed by thermal etching during 8h at 1000°C under
air atmosphere which was considered not to modify significantly the microstructure of the samples.
Several images (typically 4-8) were recorded on each sample in order to reach good representativeness.
High vacuum conditions, associated with a very low accelerating voltage (2kV), were chosen to obtain

high-resolution images.



SEM images were then processed using ImagelJ software in order to assess the grain size
distribution [29]. In this aim, grain boundaries were manually drawn in order to collect 300-1000 grains
at the surface of each sample. The data collection depended on the image quality and the sintering
conditions applied to the sample. The equivalent diameter of each grain (D) was calculated as follow,
based the grain surface (A) measured by ImageJ:

D=2 (i‘)l/z ®)

T

The mass median diameter Dsp was considered as the “average” diameter as it corresponds to 50 % of
the cumulative frequency in a log-normal distribution. The mean grain size D was also determined as

the mean value of the whole collected grain sizes.

2.7. Microhardness (Hv)

Microhardness was measured with a Vickers diamond indenter (Shimadzu HMV-G21D). The
polished surface of the pellets was indented with a loading force of 0.1 — 2 N to determine the optimal
value. The full indentation load was applied for 5 s. For each indenting force, ten measurements were
performed in order to obtain the average value. Microhardness (Hy, expressed in GPa) was calculated
using the following formula:

F
Hy = 18544 - = 9)

c

Where F (N) is the applied load, dc (um) is the average length of Vickers indenter’s diagonal.



3. Results and discussions

3.1. Characterization of powders and pellet samples

The rhabdophane powders and associated monazite-cheralite ceramic pellets (sintered at 1400°C
for 8h) were first characterized by XRD. The XRD patterns (Figure 1) first confirmed that rhabdophane
precursors crystallize in the monoclinic C2 structure as reported in our previous study [30]. Moreover,
the pellets obtained after sintering were systematically found to be single-phase monazite-cheralite solid
solutions (Monoclinic P21/n) [31], as no secondary phase, such as a-ThP,07[32], B-Th2(PO4)(P3010)
[33], B-Tha(POa4)a(P207) [34] or Nd(POs)s [35] was detected. As the conditions chosen constitute the
most extreme used in this work in terms of temperature and heat duration, this result then ensures that
single-phase samples will be obtained whatever the operating conditions. Also, the small differences
noted in the peak intensities, especially for the x = 0.05 sample, were not considered to be significant,

and were assigned to the use of an anti-contamination device during the measurements.

Meanwhile, the chemical composition of the rhabdophane samples was determined by total
dissolution. For each component, about 20 mg of powder was dissolved in 2.5 mL of fresh aqua regia.
These solutions were then diluted with 1% HNO3 and analyzed by ICP-OES. The chemical compositions
followed the expected stoichiometry considering the attached uncertainties (Table 1). Especially, the
P/(Ca+Th+Nd) ratio was always found to be equal to 1, which excluded the formation of POj;

metaphosphate entities that could hamper densification and grain growth processes [22].

_NUM x = 0.00 1 11

I . M Y I\ x=0.00

MWM x=005 ~ ]

| : TR IN A ror— x=10.05
‘Ww&g X = 0.075 S i ) R ae x=0.075
_J_A_)LJLJKM/\MH x=0.10 P R b el R e RO G x=0.10

10 20 30 40 5

Intensity (a.u.)
Intensity (a.u.)

! u‘.l;. Pl Adog .
60 20 30 40 50 60

20 (%) 200

Figure 1. PXRD patterns obtained for Ndi-2xThxCaxPO4-nH20 rhabdophane (left) [30] and associated
Nd1-2xThxCaxPOs monazite-cheralite ceramic pellets obtained after conversion/sintering

(right) [36].



Table 1.  Chemical composition of the prepared Ndi.oxThyCaxPO4-nH2O rhabdophane-type samples
obtained by ICP-OES analysis after the full dissolution of the powdered samples.

X (target value) Ca Th Nd P/(Ca+Th+Nd)
0.05 0.07 £0.02 0.05+0.01 0.88+0.01 0.99+£0.01
0.075 0.10+£0.02 0.08 £0.01 0.82£0.01 1.00 £ 0.01
0.10 0.10+£0.02 0.10+£0.01 0.80+£0.01 1.02 +0.01

500 nm

Figure 2. SEM micrographs of Ndi-2xCaxThxPO4-nH-0 rhabdophane-type precursors.

Table 2. Specific surface area of Ndi.oxThxCaxPO4-nH,0 rhabdophane-type precursors.

X (target value) 0.00 0.05 0.075 0.10

Specific surface area
(m?-g)

55+1 51+1 26+1 24+1

10



The SEM images (Figure 2) revealed that the as-synthesized precursors exhibited the typical
needle-like morphology of rhabdophane samples (their generic name originating from the greek rhabdos
which means stick/rod). The average length of the crystals reached about 500 nm for NdPO,4 and 100
nm for x = 0.05, while for x = 0.075 and x = 0.1, it was found about 1 pm. Hence, no clear correlation
can be established between the Th/Ca incorporation and the crystal growth process during the
hydrothermal synthesis. The associated specific surface area (Ssa) of the precursors was found between
24 and 55 m2.g%, according to the BET measurements (Table 2), which should be in favor of efficient
densification during sintering. Also, these values appeared clearly higher than those determined from
samples synthesized through solid-state reaction which were usually reported below 20 m?g™ [17, 21,
22, 25].

3.2. Dilatometric study

A dilatometric study was further undertaken in order to determine the operating conditions leading
to fully densified monazite-cheralite pellets directly from the as-synthesized rhabdophane powders. The
variation of the relative linear shrinkage of the pellets versus temperature and the associated derivative
is presented in Figure 3. All the samples followed a similar trend which contained three successive steps.
The first one was assigned to the dehydration process leading from the monoclinic Nd..
2x ThxCaxPO4-nH-0 to the hexagonal Ndi-2xThxCaxPO4 which took place between 100 and 300°C [37].
In this range of temperatures, the vaporization of water is not expected to impact the pellets
microstructure, neither by modifying the porosity network or by creating microscopic defects such as
cracks. Indeed, as the green density approached 60% of the theoretical value, the water can be easily
evacuated through the large amount of open pores still present in the solid. Also, this dehydration step
was only associated with a small swelling of the pellet which is accommodated without any significant

modification of the morphology.

The second step was associated to a 2.5 — 7.5 % relative linear shrinkage, which began at about
600°C and ended at around 900°C. It was correlated to the conversion from the anhydrous rhabdophane
precursors into monazite-cheralite solid solutions. Indeed, the monazite-type structure is more compact
than the rhabdophane counterpart. As a matter of example, and taking into account a similar number of
unit formula per lattice for the two structures (Z = 3), the unit cell volume shifted from V = 273.34(1) A3
for SmPO, anhydrous rhabdophane to V = 211.7(1) — 214.15(1) A® for monazite [13, 28, 38, 39],
resulting in a volumic shrinkage of more than 20%. This value is then in good agreement with the linear
shrinkage measured in this work. Despite this important volume drop, no significant crack formation
was observed at this stage, but slight deformation of the cylindrical shape was noted in some cases
(especially when sintering the pellets at 1200°C). Finally, the last shrinkage step evidenced on the

dilatometric curve was observed typically above 1000°C and was correlated to the sintering of the

11



samples. This result fits well with our previous study [15] and with the data reported by Bregiroux et al.

for the direct sintering of rhabdophane-type LaPO4 [17].

Moreover, it is to note that, for all the samples, the densification took place between 1000°C and
1300°C since no additional shrinkage was observed above this temperature. This range of temperatures
was then significantly lower than that reported by Glorieux et al. for the densification of
Lao.73Ce0.00 Tho.0sCao0oPOs, synthesized by solid-state reaction (1200°C - 1600°C) [22]. Besides, the
temperature of the highest densification rate (minimum of the derivative curve) was systematically
found below 1200°C in this study while that of Lao.73Ceo.09Tho.0sCao.00PO4 lied between 1300-1400°C.
The direct sintering of Th-bearing rhabdophanes then led the densification temperature to decrease
significantly, which is probably due to the high specific surface area and the good cationic homogeneity

of the initial powders.

Additionally, even though Glorieux observed a two-step shrinkage during the sintering of the
Lao.73Ce0.00 Tho.0sCao0sPOs monazite-cheralite, the shrinkage obtained in this study during direct
sintering from rhabdophane was more likely a one-step process according to the derivative curves, as
reported by Bregiroux for LnPO4 end-members [17, 22]. In this framework, Glorieux suggested that the
first stage of shrinkage was due to densification while the second, caused by grain growth, would take
place at a higher temperature, however with a close gap, i.e. 1320°C and 1390°C. In this study, however,
the densification took place at a much lower temperature (below 1200°C) and proceeded much faster.
Therefore, the grain growth process might have begun at a lower temperature leading to the

disappearance of the second minimum peak on the derivative curve.

It is also worth noting that the temperature associated with the maximum densification rate
globally increased with the Th-Ca doping. However, for the lowest substitution rate investigated, i.e. for
x = 0.05, the densification took place at a lower temperature than for the NdPO4-nH,O end-member
(about 1000°C for x = 0.05 and 1070°C for x = 0.00). According to the previous reports on the sintering
of Sr-doped LaPO4-nH;0 rhabdophane [40], the incorporation of a divalent ion in the structure could
create oxygen vacancies which could accelerate the densification for Ndo.0sCao.05 Tho.osPOa. Nevertheless,
the temperature related to the end of the densification process was almost the same for these two samples,
i.e. about 1150°C, while that of x = 0.075 was about 1300°C and 1400°C for x = 0.10.

In our study, the incorporation of thorium typically above x = 0.05 seems to inhibit the
densification and leads to higher sintering temperatures. This observation contradicts the results of
Montel et al. who reported that the shrinkage of Lao.73Ce0.08Ca0.09Tho.0sPO4 monazite-cheralite solid
solution was more efficient than that of pure monazite end-member during a similar dilatometry test
[21]. Considering that their Lag73Ce0.0sCa0.09 Tho.osPO4 precursor was synthesized through solid-state
reaction, one could suggest that local heterogeneities might have accelerated the densification step.

Conversely, the rhabdophane precursor obtained during our work by hydrothermal synthesis presents a

12



better homogeneity in terms of cation distribution. Consequently, solute drag effects might operate due
to the segregation of thorium towards grain boundaries, leading the grain growth to slow down. Such
mechanism is well known and was reported for several kinds of ceramic materials such as oxides [41],
titanates [42] or niobiates [43].

The Dorn’s method was also applied in order to determine the activation energy associated with
the densification process (Table 3). In order to avoid any bias due to the rhabdophane-monazite
conversion occurring at about 800°C, the temperature range of the isothermal heat treatments was set
from 1000 to 1500°C. For NdPO4 and NdogThoosCagosPOs samples, the densification was fast and
appeared to be complete at 1100°C, which led to consider only one or two temperature interval to assess
Ea values. For x = 0.075 and x = 0.1, the densification ended at about 1250°C and five values were
obtained for each composition, which allowed us to determine average activation energies. The
activation energy determined for pure NdPOQ., i.e. Ea = 530 + 90 kJ.mol™ [44] appeared to be in
excellent agreement with that reported by Bregiroux et al. for LaPO4 (532 % 80 kJ.mol-'). For x = 0.05,
the activation energy was significantly lower than for other compositions, which could explain its faster
densification. Conversely, with higher Ca-Th coupled substitution, the activation energy increased. Even
though, for x = 0.075 and x = 0.1, it remained slightly lower than that obtained for NdPO4. However, as
their specific surface area was about half of the monazite end-member, the densification was still found
to be slower than for NdPOa.

100 4
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Figure 3. Dilatometry  curves and associated derivative plots obtained from
Nd1-2xThyCaxPO4-nH,O pellets.
Table 3. The average activation energies determined for Nd1-2xThxCaxPQO4 solid solutions using
Dorn’s method.
X 0.00 0.05 0.075 0.10
Ea (kJ-mol?) 530+ 90 360 + 90 440 £ 120 480 + 130
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3.3. Establishment of sintering map

The sintering map usually demonstrates the variation of the grains mass median diameter (Dso)
versus the relative density under different sintering conditions, e.g. temperature, heating time, chemical
composition, etc. It is thereby of great interest in the aim to control the final microstructure of ceramic
materials, including radioactive waste forms. According to the dilatometry study above, the linear
shrinkage of Ndi-xCaxThxPO4 solid solution was systematically found to be complete above 1200°C.
Three temperature set points, i.e. 1200°C, 1300°C, and 1400°C were then considered while the sintering

time window varied from 1 to 8 h.

3.3.1. Density measurements

The evolution of the relative density measured by the geometrical method is presented in Figure
4. Despite the variation of the composition, the density of the pellets systematically reached 95 %TD
after heating at least 4 hours at 1400°C, which evidenced that direct sintering from as-synthesized
rhabdophane precursors could yield to highly densified monazite-cheralite type ceramics. Nevertheless,
the Th-Ca coupled substitution clearly inhibited the densification. Indeed, the densification was
complete after only 4 hours at 1200 °C for NdPO4 while high-density NdogCao1Tho1PO. pellets were
only obtained at 1400 °C. Accordingly, He-pycnometry measurements (see Table 4) showed that higher
temperatures and longer sintering times were required to fully eliminate the open porosity and start

removing the closed one when Th/Ca co-substitution rate increased.
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Figure 4. Evolution of relative density vs time at different temperatures (A 1200 °C, @ 1300 °C

and H 1400 °C) obtained for monazite-cheralite Nd;-2xCaxThxPO4. The relative density
was determined either by geometric measurement (a,b) or by helium pycnometry (c,d).
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Table 4.

Densities and Dsp values obtained for the monazite-cheralite Nd.oxCaxThxPO4 ceramic

pellets.
Temperature Time q Bu_lk Heliu_m Op_en Clos_ed Dso
©C)  (h) ensity density porosity porosity (um)
(%) (%) (%) (%)

0.000 1200 1 69+1 99.3+0.5 30+1 0.7+£05 0.11+0.07
0.000 1200 2 87+2 97.4+05 11+£2 26+05 0.18 £0.08
0.000 1200 4 9% +1 97.6 0.2 1+1 24+0.2 0.11£0.07
0.000 1200 8 94+3 96.7+0.2 3+3 3.3+£0.2 0.12+0.10
0.000 1300 1 96 +2 96.7+0.2 1+2 3.3+£0.2 0.14£0.13
0.000 1300 2 95+2 97.9+0.2 3+2 2.1+£0.2 0.17+0.19
0.000 1300 4 95+1 98.1+0.3 31 19+£03 7.22 £6.94
0.000 1300 8 97 +1 98.2+0.2 1+1 1.8+0.2 8.51+7.68
0.000 1400 1 97 +1 97.9+0.3 1+1 2.1+£0.3 8.01 +£6.80
0.000 1400 2 9%6 1 98.2+0.2 2+1 1.8+0.2 9.72+8.32
0.000 1400 4 95+1 97.0+0.4 2+1 3.0+04 11.37 £9.68
0.000 1400 8 9%6 1 96.5+0.3 0x1 35+£0.3 8.12+7.21
0.050 1200 1 68 +2 100.3+£0.3 32+2 0.0+£0.3 0.10 £ 0.05
0.050 1200 2 734 99.7+0.3 274 0.3+£0.3 0.09 £+ 0.06
0.050 1200 4 85+3 975+0.2 13+3 25+0.2 0.12+0.09
0.050 1200 8 75+5 99.2+0.2 24 £5 0.8+£0.2 0.09 £0.08
0.050 1300 1 804 97.3+0.2 17+4 2.7+0.2 0.11+0.13
0.050 1300 2 88+4 98.8+0.2 11+4 1.2+0.2 0.26 £0.27
0.050 1300 4 84+4 97.6 0.3 13+4 2.4+0.3 0.72+0.78
0.050 1300 8 94+1 96.5+0.2 2+1 35+£0.2 0.54 £0.25
0.050 1400 1 92+2 96.8+0.3 4+2 3.2+0.3 0.61+0.31
0.050 1400 2 93+1 96.9+0.2 4+1 3.1+£0.2 0.78 £0.42
0.050 1400 4 92+2 95.9+0.3 4+2 41+0.3 0.80 = 0.67
0.050 1400 8 92+3 96.2+0.3 4+3 3.8+£0.3 2.85+2.24
0.075 1200 1 68 + 2 100.1+0.4 32+2 0.0+04 0.10 £0.07
0.075 1200 2 69 +3 99.5+0.2 31+3 05+0.2 0.10 £ 0.08
0.075 1200 4 76 +4 97.5+0.2 21+4 25+0.2 0.10 £ 0.08
0.075 1200 8 73+4 98.4+0.2 264 1.6+0.2 0.09 £ 0.06
0.075 1300 1 77+3 94.3+0.2 17+3 57+0.2 0.11+£0.10
0.075 1300 2 81+6 100.2+0.5 19+6 0.0£0.2 0.11+0.14
0.075 1300 4 88+3 98.8+0.2 11+£3 1.2+0.2 0.32+0.21
0.075 1300 8 95+2 98.0+0.2 3+2 20+0.2 0.28 £0.26
0.075 1400 1 88+2 98.7+0.3 11+£2 1.3+0.3 0.18+0.11
0.075 1400 2 91+1 98.2+0.3 71 1.8+0.3 0.18 £0.15
0.075 1400 4 94+1 97.3+0.4 3+1 27+04 0.97 £0.58
0.075 1400 8 94+1 96.7+0.3 31 3.3+£0.3 1.04 £ 0.65
0.100 1200 1 77+3 96.8+0.3 203 3.2+0.3 0.09 +£0.06
0.100 1200 2 76+4 97.6 0.2 21+4 2.4+0.2 0.09 £0.07
0.100 1200 4 82+3 97.3+0.2 16+3 2.7+0.2 0.08 £ 0.06
0.100 1200 8 79+4 97.0+0.2 18+4 3.0+£0.2 0.11+0.11
0.100 1300 1 90+4 97.9+0.2 8+4 2.1+£0.2 0.09 £0.09
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T . Bulk Helium Open Closed
emperature Time ;¢ densit orosit orosit Dso
©Cc) (h) y % p y p % (um)

(%) (%) (%) (%)
0.100 1300 2 89+4 98.6 +0.2 10+4 14+0.2 0.08+0.11
0.100 1300 4 82+3 98.9+0.2 17+3 1.1+0.2 0.11+£0.11
0.100 1300 8 81+2 99.7 £ 0.3 192 0.3+0.3 0.11+£0.11
0.100 1400 1 86+1 97.7+0.3 1211 23+0.3 0.28+0.14
0.100 1400 2 92+1 96.0 £ 0.3 4+1 40+0.3 0.41+£0.20
0.100 1400 4 95 +1 96.1+0.4 1+1 39+04 1.14 +£0.53
0.100 1400 8 94+1 94.9+0.3 1+1 51+0.3 1.32+0.74

3.3.2. SEM observation and Grain size determination

The SEM images presented in Figure 5 confirmed that highly dense samples were obtained for
all the Ca/Th doping rates studied after heating at 1400 °C for 8h. Also, the grains exhibited oblong-

polygon morphology which was in good agreement with the work of Arinicheva et al. who reported that

the use of precursors with initial needle-like morphology could result in dense ceramic with elongated

grains [20]. For NdPO4 end-member, the maximum length of the grains was about 50 um with a width

around 15 pm. On the other hand, the Th-Ca co-substitution was found to inhibit the grain growth, with

Dso decreasing from 8.1 um to 1.3 pm while the co-substitution rate increased from x =0 to x = 0.1.

Figure 5.

10 pm

SEM micrographs obtained for Nd1-xCaxThxPO, pellets after sintering at 1400 °C during

8h.
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Apart from the chemical composition, the temperature appeared as a very important factor
driving the average grain size. For Ndo g0Cao1Tho1PO4, Dso reached 0.11 um after heating at 1200°C for
8h, meaning that no significant grain growth occurred at this temperature (Figure 6). Additionally,
several pores were observed, which was consistent with the relative density value determined (79 +
4 %TD). At 1300°C, the grain size increased slightly as the Dsy was 0.24 pum. However, the pore
contribution was not reduced and the relative density remained similar (81 + 2 %TD). Conversely, the
grain size increased by about one order of magnitude after heating at 1400°C (1.32 um) while open
pores were significantly eliminated, leading to a dense ceramic with 94 + 1 %TD. Consequently, in
order to obtain high-density NdogoCao.1Tho1PO4 ceramics, the sintering temperature should be equal to
1400°C. For other compositions, however, the sintering temperature could be lower. As instance, NdPO,
could reach 97 £ 1 %TD with Dso = 8.5 um after only 8 hours at 1300°C.
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Figure 6. SEM micrographs obtained for NdogoCao1Tho1PO4 pellets after sintering during 8h at
different temperatures.

Finally, the impact of the sintering time was also investigated (Figure 7). At 1400 °C, the grain
size of Ndo.g0Cao.1Tho.1PO4 grew significantly over time, i.e. from 0.28 pm after 1h to 1.32 pm after 8h.
At the same time, the open porosity dropped down, leading the relative density to increase from 86 + 1
t0 94 £ 1 %TD. It is also worth noting that the pellet sintered at 1400°C for 1h exhibited slightly bigger
grain size and higher density than that prepared at 1300°C for 8h, which indicated that temperature had
a stronger impact on the sintering process compared to heat duration.
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Figure 7. SEM micrographs obtained for NdogoCao1Tho1PO4 pellets after sintering at 1400°C
during different sintering times.

Also, it is important to underline that for all the samples studied, the grain size distribution
followed a log-normal distribution (Figures 8 and S2), in agreement with previous reports [21, 22, 45].
Moreover, self-similarity, which accounted for the invariance of the normalized grain size distribution
versus time, was checked under any sintering condition despite the change of temperature or chemical
composition [20, 24, 46]. Hence, no abnormal grain growth phenomena occurred during the sintering of

Nd;..xCaxThxPO4 monazite-cheralite solid solutions.
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Figure 8. Cumulative Grain size distribution obtained for NdosoCao1Tho1PO4 vs sintering time at
1400°C.
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3.3.3. Sintering map

After the determination of bulk relative densities and grain sizes (Dso), the sintering trajectories
of Ndi-oxCaxThxPO4 solid solutions were finally built up (Figure 9). All the 48 tests were first gathered
according to the sintering temperature. At 1200°C, the grain growth appeared to be limited as Dso only
increased from 0.08 to 0.24 um. Conversely, the sintering was dominated by densification with relative
density raising from 68 %TD to 96 %TD. This result then paves the way to the elaboration of highly
dense ceramics with submicrometric microstructure. At 1400°C, most of the samples presented a relative
density higher than 90 %TD while Dso range across 2 orders of magnitude (from 0.18 to 11.4 um,
depending on the chemical composition considered), which indicated that the densification was
complete and the grain growth became the predominant behavior. On this basis, samples sintered at
1300°C exhibited an intermediate behavior, where both densification and grain growth played important

roles, leading pellet density to raise from 77 %TD to 97 %TD and Dso to increase from 0.08 to 8.5 pum.

Finally, all the samples were grouped according to their chemical composition (Figure 9b). As
already discussed previously, the Ca/Th coupled substitution seemed to inhibit both densification and
grain growth. For NdPO4 end-member, all the prepared samples usually presented a high relative density
(> 90 %TD) and could reach an important grain size (Dso > 8 um) when heating at 1300-1400°C.
Therefore, they were mostly located on the top right region of the sintering map. With the increase of
the substitution rate, the samples gradually occupied the lower left region. As a matter of example, the
maximum Dso value for NdogoCao1Tho1PO4 samples was 1.3 um which was an order of magnitude
smaller than the NdPO. end-member (11.4 pum).
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Figure 9. Sintering map obtained for Ndi.oxCaxThxPO. ceramics. All the samples are gathered

depending on their sintering temperature (a) or on their chemical composition (b).
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3.4. Microhardness

The microhardness of the Ndi.oxCaxThyPO, ceramics was determined by using the Vickers
hardness test. All the pellets were sintered at 1400°C for 8h in order to produce dense ceramics and then
polished to reach a mirror-grade surface. According to the previous reports, the microhardness
determined by Vickers test depended on the loading force [18, 44]. If the loading force was too high,
the material around the indenter broke, leading to underestimate the microhardness. As a result, the
NdPO. pellet was firstly indented with different loads from 0.1 to 2 N in order to optimize the loading
force. In this test, ten measurements were performed randomly on the polished surface for each loading
force so that the average microhardness was determined. The collected results presented no significant
variation when the loading force increased from 0.1 N to 0.5 N (Figure 10). However, for F > 1 N, the
microhardness decreased significantly. Hence, the applied loading force was chosen to 0.25 N in the

following tests.

During the hardness determination, each pellet underwent 15 measurements randomly located on
its polished surface to obtain the average hardness. For NdPQO4, the microhardness determined in this
work reached 4.9 = 0.8 GPa, which was in agreement with the value reported by Bregiroux et al. [44].
The influence of the Ca-Th coupled substitution was further found to be negligible (Table 5). Indeed,
even if a slightly lower value was measured for x = 0.05 compared to other samples, the associated large
uncertainty led to conclude that the microhardness of Ndi-2xCaxThxPOs ceramics pellets remained
unchanged. It is then in the same order of magnitude that the Vicker’s hardness determined for several
other phosphate-based ceramic wasteforms envisaged for the specific conditioning of actinides, such as
fluorapatite (3.7 GPa) [47], B-TPD (4.4 GPa) [48] or NZPs (5.9 GPa) [49]. Also, it appears to be only
slightly below the value reported by Popa et al. for the CaTh(PQ.), cheralite end-member sintered by
SPS technique [50].

Table 5. Microhardness obtained for Ndi.oxCax ThxPO4 ceramics.
X 0.00 0.05 0.075 0.10
Hv (GPa) 49+0.8 45+0.8 49+0.7 5+05
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Figure 10. Evolution of microhardness of NdPO, vs loading force (a) and of the microhardness (b)

obtained for Nd1.2xCaxThxPO,4 ceramics [44].

4. Conclusion

The results obtained during this study pave the way to an innovative process for the elaboration of
highly densified and homogeneous Nd;-2xCaxThxPOs (x = 0 — 0.1) monazite-cheralite wasteforms.
Indeed, their direct sintering from rhabdophane-type precursors was found to result in homogeneous
high-density pellets, and significantly lowered the sintering temperature compared to solid-state
reactions previously reported in the literature. Such a dustless process thus avoided any additional step

of heating or mechanical grinding that are often considered to be potentially contaminating.

The sintering map of the Ndi-2xCaxThxPO4 solid solution was further established. No significant
grain growth was observed at 1200°C and the densification appeared to be the predominant behavior.
Conversely, the complete densification quickly operated at 1400°C and was followed by considerable
grain growth. However, the Th-Ca coupled substitution seemed to inhibit both densification and grain
growth mechanisms, leading to the decrease of the maximum grain size (Dso) by an order of magnitude.
Concomitantly, the activation energy associated with the densification was found between 361 + 90 and

530 + 90 kJ.mol™, depending on the chemical composition considered.

Finally, the microhardness of the Ndi-»xCaxThxPO4 ceramics determined by the Vickers hardness
test was about 4.9 + 0.8 GPa, which is in the typical range of the values determined for phosphate-based
wasteforms designed for actinides conditioning. Beyond a deeper investigation of the mechanical
properties (such as bending strength and fracture toughness), the next studies will now be devoted to the

evaluation of the chemical durability of the sintered samples. In this frame, the sintering maps obtained
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in this work will help in preparing dense pellets with significantly different grain sizes. These samples
will further be used to evidence the impact of microstructure on the leaching behavior, particularly at

the grain boundaries level where local composition variations can occur.
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