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The high chemical durability of iodine-bearing apatite makes it strongly prospective for conditioning of
radioactive iodine. The synthesis and consolidation of iodine-bearing compounds require low tempera-
tures to avoid iodine volatilization. Spark plasma sintering therefore appears to be a suitable process
because of its shorter treatment time and lower sintering temperature compared with other processes
such as HUP or HIP. Two alternatives were examined: SPS sintering of iodine-bearing apatite powder
and SPS reacting of a stoichiometric lead iodide and lead phosphovanadate powder mixture. The degree
of densification and the microstructure of bulk materials in both cases are described and compared. Reac-
tive sintering appears to involve a three-stage mechanism: (i) PbI2 coalescence, (ii) solid-state iodoapatite
synthesis and consolidation and, (iii) iodoapatite consolidation in the presence of a liquid phase. The SPS
reacted products reveal the finest and most homogeneous microstructure, and a density exceeding 96%.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

One of the management strategies examined for long-lived nu-
clear wastes involves a deep geological disposal. Repository safety
is based on conditioning the waste in a chemically inert matrix to
ensure radionuclide retention in the event of contact with a dis-
semination vector. In the case of iodine-129, with a half-life of
15.7 million years, apatite-derivative minerals with the generic
formula Pb10(VO4)6(1�x)(PO4)6xI2 are promising conditioning mate-
rials [1,2]. They are capable of high iodine loading (>8 wt.%) with
strong containment properties based on normalized leaching tests
[3]. Ceramics with no open porosity are required to limit the po-
tential exchange surface area; this implies the use of materials
with a densification exceeding 92% of the theoretical density, a
threshold generally acknowledged as marking the elimination of
open porosity. However, the densification of iodine-bearing mate-
rials requires low sintering temperatures to prevent volatilization;
iodoapatite, Pb10(VO4)4.8(PO4)1.2I2, decomposes in air above 500 �C.
The densification of this type of iodine-bearing apatite was
therefore initially envisaged only in a confined environment
[3,4]. This can be obtained with an excess of lead phosphovana-
date, Pb3(VO4)2(1�x)(PO4)2x, which is densified at relatively low
temperatures [5,6] and can be consumed as a reagent in the event
of PbI2 diffusion during heating. The balance equation for the for-
mation of iodine-bearing apatite can be written as follows:
ll rights reserved.
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3Pb3ðVO4Þ2ð1�xÞðPO4Þ2x þ PbI2 ! Pb10ðVO4Þ6ð1�xÞðPO4Þ6xI2

This work concerns spark plasma sintering (SPS) of iodine-bear-
ing apatite: Pb10(VO4)4.8(PO4)1.2I2. Earlier work in a confined envi-
ronment showed that spark plasma sintering of this phase was
possible at temperatures below 500 �C and therefore theoretically
without the need for a gangue material [7,8]. Spark plasma sinter-
ing of iodoapatite without a gangue was investigated first, then the
synthesis and consolidation of this phase by reactive sintering was
examined.
2. Experimental procedure

Iodoapatite Pb10(VO4)4.8(PO4)1.2I2 was synthesized from lead
phosphovanadate Pb3(VO4)1.6(PO4)0.4 and lead iodide PbI2. Iodoap-
atite is formed with a volume shrinkage by 1.804 cm3 per mole.
This calculation is based on the theoretical reaction written above,
taking into account the molar mass for each phase and the follow-
ing densities: 7.302, 6.099 and 7.117 g cm�3 for Pb3(VO4)1.6(PO4)0.4,
PbI2 and Pb10(VO4)4.8(PO4)1.2I2 respectively.

Lead phosphovanadate was obtained by calcining a powder
mixture of PbO (99.3% purity, Prolabo, France), V2O5 (99.2% purity,
Alfa Aesar, Germany) and NH4H2PO4 (97.5% purity, Prolabo, France)
for 1 h at 1000 �C at a molar ratio of 3:0.8:0.4. After calcining, the
lead phosphovanadate was wet-ground for 240 min in a zirconia
bowl (Attritor 01-HD, Union Process). The specific surface area of
the product was determined by the BET method (Gemini 2360,
Micrometrics) to be 7.0 m2 g�1. A few traces of hydroxyapatite
Pb10(VO4)6(OH)2 were identified, most likely arising from a
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dissolution–reprecipitation reaction during oven-drying of the
powder. DSC analysis (Netzsch STA 409) in argon (heating rate
10 �C min�1) showed that the lead phosphovanadate is stable up
to its melting point at 960 �C.

Lead iodide was obtained by precipitation of an acidic lead ni-
trate solution (pH(25 �C) = 5) with a stoichiometric amount of a so-
dium iodide solution (molar ratio Pb:I = 1:2). The filtered
precipitate was rinsed in denatured ethanol and dried at 80 �C.
Characterization of the product by X-ray diffraction (XRD, Siemens
D5000, kCub = 1.3924 Å) revealed no traces of crystalline impurities.
The lead iodide powder synthesized for this study did not notably
include lead hydroxyiodide PbIOH, an impurity generally found in
commercial lead iodide. Thermal decomposition of the latter re-
leases water and iodine which are unfavorable to densification,
and leads to the formation of lead oxyiodides. DSC analysis of the
prepared PbI2 (Netzsch DSC 204) in argon (heating rate
10 �C min�1) revealed two endothermic peaks at 307 �C and
374 �C. The first can be attributed to the decomposition of lead car-
bonate traces. IR analysis (Bruker Vertex 70 spectrometer) of the
PbI2 powder showed a low-intensity 1390 cm�1 band characteris-
tic of the carbonate group; this impurity was present either as
amorphous or in trace amounts and, thus, did not appear on the
XRD diagram. It may be formed during the synthesis by precipita-
tion and/or after the synthesis by contact with air. The second
endothermic peak may correspond to the formation of a eutectic
involving PbI2 and PbO resulting from the decomposition of PbCO3

[9].
The reagent mixture of lead phosphovanadate Pb3(VO4)1.6

(PO4)0.4 and lead iodide PbI2 was obtained by co-milling of ground
lead phosphovanadate and lead iodide powders for 240 min in eth-
anol in a zirconia bowl. The specific surface area of 9.5 m2 g�1 for
the reagent mixture was determined by the BET method. SEM
observation (Zeiss Supra 55) showed that it consisted of poorly
cohesive agglomerates containing fine particles as well as micro-
metric platelets, smaller than 10 lm (Fig. 1a). EDXS analysis iden-
tified the fine particles as a mixture of Pb3(VO4)1.6(PO4)0.4 and PbI2,
and the platelets as PbI2. DSC analysis of the reagent mixture
showed a broad exothermic signal between 250 �C and 390 �C, sug-
gesting a start of the reaction. XRD characterization of the mixture
revealed traces of hydroxyvanadinite arising from the lead phos-
phovanadate. The XRD diagram was interpreted from the Langford
method [10] in order to estimate the size of the crystallites in the
reagent mixture: 17 nm for Pb3(VO4)1.6(PO4)0.4. The size of the PbI2

crystallites could not be estimated by this method, as some of the
crystallites (platelets) were too large.

Iodoapatite was obtained by calcining stoichiometric quantities
of lead iodide and lead phosphovanadate for 15 h at 720 �C in a
sealed quartz ampoule. The iodoapatite powder was then ground
under the same conditions as the reagent mixture. Its specific sur-
(a) (b

Fig. 1. SEM images of powder samples: (a) reagent mixture after attrition; (b) io
face area was 5.8 m2 g�1, and it consisted of strongly cohesive
agglomerates of nanometric particles (<100 nm, Fig. 1b). XRD char-
acterization revealed also a secondary minor phase, PbV6O11. The
size of 14 nm for the iodoapatite crystallites was estimated from
XRD patterns by the Langford method [10].

The iodoapatite powder and reagent powder mixture of
Pb3(VO4)1.6(PO4)0.4 and PbI2 (1.675 g for each experiment) were
SPS treated in graphite molds (inner diameter = 10 mm) by spark
plasma sintering (SPS 515S, Syntex Inc.) at temperatures below
500 �C. At these conditions, iodoapatite does not decompose with
iodine release. The effects of temperature, dwell time and pressure
on the microstructure were investigated at the constant heating
rate of 50 �C min�1 in order to keep constant the effect of the tem-
perature overshoot by SPS processing. The powder was first com-
pacted at room temperature under a pressure of 70 MPa. The
green density of iodoapatite and of the reagent mixture was
69.8% and 60%, respectively. This discrepancy can be attributed
to the difference in the specific surface area of the two powders,
and to the non-spherical shape of the PbI2 platelets in the reagent
mixture. Tests are summarized in Table 1.

The density of all the samples was determined by hydrostatic
weighing using Archimedes method. The samples were examined
by scanning electron microscopy (Zeiss Supra 55) after fracture,
as the microstructure was very difficult to discern after chemical
etching. We also verified by X-ray diffraction that the
Pb10(VO4)4.8(PO4)1.2I2 phase was conserved during the non-reactive
SPS sintering and that it was formed in the case of SPS reactive sin-
tering. The theoretical density of this compound determined by
XRD is 7.117 g cm�3 [1] and, the relative density of the ceramics
indicated below corresponds to the ratio between the hydrostatic
density and the theoretical one. If the reaction is incomplete, the
relative density is slightly underestimated, since the density of
the mixture is only 7.102 g cm�3. When the reaction was not com-
plete, the mass fractions of the iodoapatite formed and the precur-
sors that did not react were determined (±5%) in the samples by
XRD analysis (a piece of the sample was ground). A calibration
curve was established for this purpose with a mixture of iodoapa-
tite with increasing quantities of reactants (lead phosphovanadate
and lead iodide) from the I�ð1 1 1Þ=I�ð1 1 1Þ þ I�ð1 1 0Þ ratio, where I�ð1 1 1Þ and
I�ð1 1 0Þ are the areas of the (1 1 1) and (1 1 0) peaks on XRD diagrams
for iodoapatite and lead phosphovanadate respectively.
3. Results

3.1. Reactive versus non-reactive sintering

No pressure rise was observed in the chamber during sintering,
regardless of the conditions, indicating that no iodine volatilization
 

)

doapatite after thermal treatment at 720 �C in quartz ampoule and attrition.



Table 1
Relative density and grain size for different SPS treatment conditions.

Test designation Dwell temperature (�C) Dwell time (min) Pressure (MPa) Relative density (%) Grain size (nm) Crystallite size (nm)

Non-reactive sintering
IAp-001 400 20 40 81.6 ± 0.1 Abnormally large 51 ± 3
IAp-002 400 20 70 88.1 ± 0.4 Abnormally large 52 ± 3
IAp-003 450 20 40 88.4 ± 0.5 Abnormally large 63 ± 3
IAp-004 450 20 70 91.8 ± 0.1 Abnormally large 33 ± 2

Reactive sintering
PbI2-001 400 5 40 97.2 ± 0.5 138 ± 42 40 ± 2
PbI2-002 400 20 40 96.9 ± 0.5 145 ± 44 57 ± 3
PbI2-003 400 5 70 97.1 ± 0.4 148 ± 38 24 ± 1
PbI2-004 450 5 40 96.9 ± 0.5 167 ± 45 39 ± 2
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occurred during these tests. XRD analysis showed that the
Pb10(VO4)4.8(PO4)1.2I2 phase was conserved during SPS sintering
and, that the reactants were completely converted to iodoapatite
in the case of SPS reacting. The iodoapatite crystallites were sys-
tematically larger in the case of non-reactive sintering, except for
sample IAp-001 (51 nm) compared with the sample PbI2-002
(57 nm) produced under the same conditions (Table 1).

Pore closure was not obtained by non-reactive sintering (Table
1). Moreover, the microstructure of these samples was not homo-
geneous. A porosity gradient could be observed within the ceramic
between the denser periphery and the lower-density core (Fig. 2a).
In addition, the size of some grains exceeded ten micrometers and
exhibited abnormal growth (Fig. 2b); they coexisted with submi-
Fig. 2. Microstructure of the SPS sintered and SPS reacted samples: (a) porosity gradient i
001 (400 �C, 200 , 40 MPa). Some grains which exhibit an abnormal growth were labeled o
001 (400 �C, 50 , 40 MPa); (d) absence of abnormal growth traces in the microstructure o
cronic grains arising from normal growth. In contrary, the samples
obtained by SPS reacting were of uniform density and grain size
(Fig. 2c and d). While the samples PbI2-001 to PbI2-004 revealed
single-phase microstructures, the IAp samples contained a small
fraction of a vanadium-rich secondary phase, the lead vanadium
oxide PbV6O11, which appears with dark contrast in the BSE images
(Fig. 3). This phase was initially present in the iodoapatite powder.
However, its composition determined by a semi-quantitative EDXS
analysis deviates slightly from the stoichiometric value with a lead
excess (36.8 instead of 30.1 wt.%) and a deficit of vanadium (39.2
instead of 44.4 wt.%).

In the case of non-reactive SPS sintering, as expected, the tem-
perature and pressure were favorable to densification (Table 1).
n the sample IAp-001 (400 �C, 200 , 40 MPa); (b) abnormal growth in the sample IAp-
n Fig. 2b by the�A� capital letter; (c) uniform microstructure of the sample PbI2-
f the sample PbI2-001 (400 �C, 50 , 40 MPa).



Fig. 3. Backscatter-electron image of sample IAp-002 (400 �C, 200 , 70 MPa): large
light grey grains represent the target iodoapatite (abnormal growth), the dark
grains (circle) reveal the secondary phase PbV6O11.

Table 2
Operating conditions and relative density of SPS reacted samples without dwell time.

Test
designation

Dwell temperature
(�C)

Pressure
(MPa)

Relative density
(%)

PbI2-005 225 40 61.5 ± 0.3
PbI2-006 225 70 65.8 ± 0.3
PbI2-007 300 40 66.5 ± 0.4
PbI2-008 300 70 72.3 ± 0.6
PbI2-009 375 40 81.1 ± 0.1
PbI2-010 375 70 91.3 ± 0.5
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Moreover, the elevated pressure allowed the dwell temperature to
be reduced by 50 �C (Fig. 4): for the same density, a sintering at
400 �C under 70 MPa is equivalent to a sintering at 450 �C under
40 MPa. Sample characterization also showed a change in the
microstructure depending on the processing conditions. The den-
sity gradient between the core and periphery diminished when
the treatment temperature and/or pressure increased (samples
IAp-002, IAp-003 and IAp-004). This gradient is commonly ob-
served in SPS sintered ceramics and, is attributable to sample heat-
ing by the mold and not by Joule effect due to a current flow in the
sample [11–13]. An increase of the dwell temperature and/or pres-
sure favors an abnormal particle growth.

In the case of reactive sintering, no effects of temperature, dwell
time or pressure were observed on the densification, probably be-
cause a high relative density had already been reached at lower
temperature, time and pressure (Table 1). All ‘‘PbI2” samples were
of uniform density and show similar grain size (Table 1). The grain
size was chosen as equal to the mean value of grain size measure-
ments of about 200 grains (five photos were randomly taken by
SEM on a fractured surface of each sample). This is consistent with
the shrinkage curves shown in Fig. 4 where, after densification,
samples PbI2-001, PbI2-002 and PbI2-004 all form a single curve
bundle. However, an increase of the pressure from 40 MPa to
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Fig. 4. Shrinkage curves for SPS sintered (IAp-001 to IAp-004) and SPS reacted
70 MPa shifts the beginning of the shrinkage temperature by
150 �C. In this case, the sintering pressure is equal to the compact-
ing pressure.

The shrinkage doubled between sintering of the iodoapatite
powder and the reagent mixture, although the difference in the rel-
ative density did not exceed 15% (Fig. 4). This is caused by the high-
er green density of iodoapatite compared with the reagent
mixture. Despite the higher green density of iodoapatite, the small
increase in density during sintering did not result in shrinkage of
the same magnitude as for the reagent mixture. Two hypotheses
can be postulated to account for this difference in sintering behav-
ior: the most obvious is the powder grain size, and the second pos-
sibility is a difference in the sintering mechanism. The powder
fineness was not in this case responsible for the improved sinter-
ability, since a coarser reagent mixture (3.3 m2 g�1) was better
densified than the iodoapatite powder. We therefore decided to
investigate the sintering mechanism involved in reactive sintering.

3.2. Understanding reactive sintering

The shrinkage curves for iodoapatite and for the reagent mix-
ture suggest very different behavior during sintering. The shrink-
age derivative (versus temperature) of the iodoapatite has a
single minimum (at 395 �C under 40 MPa and at 375 �C under
70 MPa). The situation is more complex in the case of SPS reacting
with a very low initial shrinkage rate that increases strongly above
350 �C. The shrinkage curves for SPS reacting show two changes of
slope, regardless of the pressure applied. For this reason, SPS react-
ing experiments were performed by stopping the treatment with-
out the dwell at 225, 300 and 375 �C under 40 MPa and 70 MPa to
aid in interpreting the reaction mechanism. The relative densities
and XRD data for these six samples are shown in Table 2 and in
Fig. 5 respectively.
50 300 350 400 450 500

Temperature (°C)

03

PbI2-001
PbI2-002

PbI2-003
PbI2-004

samples (PbI2-001 to PbI2-004) in dependence of treatment conditions.
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Iodoapatite appears to form at 300 �C regardless of the pres-
sure applied. Under 40 MPa the sample contained 33 wt.% iodoap-
atite compared with 37 wt.% under a pressure of 70 MPa. At
225 �C its presence was suspected in the sample sintered at
70 MPa, but could not be definitely determined by XRD as the
reagent mixture contained hydroxyapatite, which hinders identifi-
cation of iodoapatite. Thermogravimetric analysis of hydroxyapa-
tite showed that it does not decompose at 225 �C. At 375 �C, the
precursors were still found: quantitative XRD analysis showed
that samples PbI2-010 and PbI2-009 still contained 19 wt.% of
precursors. Traces of hydroxyapatite in the reactant mixture in-
duce an error on the amount of lead phosphovanadate available
to form iodoapatite. From a thermogravimetric analysis of the
powder, the real mass of lead phosphovanadate was calculated.
The error made on this value, when the mixture is prepared, leads
to a variation of 3.6 wt.% in the formation of iodoapatite. However,
this error is lower than the precision given by the XRD
quantification.
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Fig. 5. XRD patterns of samples obtained by SPS

Fig. 6. SEM images of the sample PbI2-006: (a
Regardless of the processing conditions, the sample microstruc-
ture was heterogeneous (according to SEM). Stacks of platelets less
than 100 nm thick and frequently more than 20 lm long were sys-
tematically observed next to strongly spheroidal grains. EDXS anal-
ysis of the platelets showed that they were formed by lead iodide.
As an illustration, Fig. 6 shows the microstructure of sample PbI2-
006 (225 �C, 40 MPa). It is in agreement with morphology of the
initial powder (Fig. 1a). However, these platelets were significantly
larger than those present initially in the reagent mixture. They
were oriented preferentially within the sample with the stacking
direction parallel to the applied pressure vector F

!
(Fig. 6, right).

The preferential orientation of PbI2 platelets in the samples is also
verified in the XRD patterns. Indeed, the intensity ratio is not in
agreement with the theoretical data. The peak (0 0 1) of this phase,
supposed to be to 25%, is in fact the most intense. During the first
step of the shrinkage, the relative density of the samples differed
only slightly from the green density (at 225 �C, 61.5% and 65.8%
for 40 MPa and 70 MPa respectively). It therefore appears that,
30 35 40 45 50

375ºC, 70MPa

375ºC, 40MPa

300ºC, 70MPa

300ºC, 40MPa

225ºC, 40MPa

225ºC, 70MPa

Starting mix

eta (º)

Pb10(VO4)4.8(PO4)1.2I2

reacting experiments without dwell time.

) after fracture; (b) polished cross section.



Fig. 7. SEM image of the sample PbI2-009 (polished cross section).
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whatever the pressure, macroscopic shrinkage of the sample below
250 �C can be attributed to the coalescence of lead iodide in the
form of platelets whose surface normal is parallel to the direction
of load application. The coalescence phenomenon seems to be
more important under 70 MPa.

During the second step of the shrinkage, iodoapatite synthesis
occurred. Iodoapatite synthesis takes place between 250 �C and
390 �C and naturally results in strong shrinkage. However, the
shrinkage here observed for this temperature range is too large
to be due to iodoapatite synthesis alone. Complete conversion of
the precursors to iodoapatite results in a 1.01 mm3 volume reduc-
tion for 1.675 g of reactant mixture. The volume reduction is based
on the volume shrinkage (1.804 cm3 per mole) calculated for the
iodoapatite formation. In the case of a sample 10 mm in diameter,
this represents a thickness variation of 0.01 mm. Consequently,
iodoapatite densification happens during its synthesis (solid-phase
sintering) and both continue during a part of the third step of the
shrinkage between 350 �C and 400 �C at 70 MPa (or between
370 �C and 430 �C at 40 MPa) when trace amounts of precursors
are present. Lead iodide is indeed less reactive being in the form
of micrometric platelets due to the low contact surface with the
lead phosphovanadate particles, and was still present at 375 �C.
The shrinkage rate in this temperature range is higher than for iod-
oapatite powder, confirming that the densification mechanism is
not the same. The presence of residual lead iodide between
350 �C and 400 �C at 70 MPa and between 370 �C and 430 �C at
40 MPa could account for the densification mechanism observed
in the case of SPS reacting. Lead iodide melts at 380 �C. Moreover,
at 374 �C it forms a eutectic with PbO (an impurity generated by
the decomposition of carbonate traces in lead iodide) [9]. The li-
quid phase generated in the material would thus result in liquid-
phase sintering, increasing the densification rate. However, no
traces of such a phase were found in grain boundaries on SEM
images of the samples. The molten PbI2, injected under the pres-
sure effect through the interconnected network, may have disap-
peared by reaction with residual lead phosphovanadate. On the
contrary, the molten PbI2, originally found as large platelets, in
‘‘tanks”, is not entirely converted during the SPS reacting experi-
ments at 375 �C and re-crystallizes during the cooling phase. This
results in porosity around the re-crystallized PbI2 grains (Fig. 7).
This morphology of ‘‘ghosts” was only found for SPS reacting
experiments carried out at 375 �C where the beginning of the melt-
ing of PbI2 or the eutectic reaction with PbO was likely to happen.
The increase of the temperature and dwell time (PbI2-001 to PbI2-
004) allows to convert the molten PbI2 even in ‘‘tanks”. The transi-
tion temperature between solid-phase sintering and liquid-phase
sintering appears to depend on the mechanical pressure applied
(370 �C at 40 MPa versus 350 �C at 70 MPa). Nonetheless, the sam-
ples also exhibited different microstructures as a function of the
mechanical pressure. Indeed, the thickness of the remaining PbI2

particles at temperatures 370 �C or 350 �C were 80 nm at 40 MPa
and 30 nm at 70 MPa. It has been shown that in the case of gold
particles, a reduction in diameter from 25 to 5 nm reduces the ob-
served melting temperature of gold from 1336 K to 300 K [14].
However, no data are available in the literature supporting the
hypothesis that this dimensional variation of thickness of PbI2

platelets would lower the temperature of the PbO–PbI2 eutectic
or the melting temperature of PbI2.

4. Conclusion

Non-reactive sintering of iodine-bearing apatite Pb10(VO4)4.8

(PO4)1.2I2 by spark plasma sintering results in about 91% densifica-
tion in the temperature range between 400 �C and 450 �C. Densifi-
cation is limited mainly by abnormal particle growth. At lower
temperatures and pressures a density gradient appears between
the pellet periphery and core. This gradient reflects the tempera-
ture gradient in the material during sintering. In the case of SPS
reacting, samples with homogeneous composition and density
were obtained; their relative density exceeds 96% in every case.
The higher efficiency of SPS reacting for the densification level
can be attributed to the accelerated mass transfer during the reac-
tion, in particular by the molten PbI2. Spark plasma reacting is thus
an interesting alternative to other sintering processes for pelletiz-
ing iodine-bearing apatite.
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