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A B S T R A C T

Lanthanum phosphate, due to its interesting thermal and mechanical properties is a widely studied material for 
refractory applications. Sintering processes have already been proposed to densify this material and drive its 
microstructure. Inspired by recent progress on low temperature sintering, we investigate a low temperature 
Spark Plasma Sintering (LowT-SPS) using hydrated precursor. First, lanthanum phosphate thermal behaviour 
was studied using TGA/DTA and XRD analysis on various heat-treated powders. Their SPS behaviour were 
explored by in situ dilatometry measurements. As hydrated precursor showed a low temperature densification, 
samples were sintered at temperatures from 160 ◦C to 350 ◦C under 400 MPa. Even if dense and nano-scaled 
microstructures were obtained, a residual hydration was observed. Finally, a well densified and fine-grained 
monazite type lanthanum phosphate was obtained at 550 ◦C and under 200 MPa. Its mechanical properties 
are then compared to conventional and Spark Plasma Sintered materials.   

1. Introduction

Lanthanum phosphates are widely studied as refractory ceramics for
applications in the fields of energy production (thermal, nuclear in-
dustries) and transportation (automotive, aeronautical and space in-
dustries) [1]. LaPO4 has a high melting point of 2072 ◦C [2], a chemical 
inertness up to 1600 ◦C [3,4] and a low thermal conductivity between 
1.2 and 3.6 W.m− 1. K− 1 [4] that makes it an interesting thermal insu-
lating material [1,5,6]. Moreover, monazite type LaPO4 has an inter-
esting brittle behaviour characterized by Vickers micro-hardness in the 
order of 5 GPa and fracture toughness of around 1 MPa.m1/2 [1]. Its 
pseudo-lamellar structure allows high temperature dislocation propa-
gation and makes it a deformable refractory material [5]. For these 
reasons, it is widely proposed as promising candidate for the elaboration 
of machinable refractory material [5,7,8]. Lanthanum phosphate is 
usually obtained by co-precipitation or sol-gel synthesis, in a hydrated 
form (i.e. LaPO4.xH2O) with a rhabdophane structure [2,5]. Synthesis is 
then, most of the time, followed by a calcination step to induce the high 
temperature monazite phase crystallisation [9]. As most refractories, the 
monazite type LaPO4 is sintered above 1000 ◦C [5,9]. Calcination fol-
lowed by compaction and conventional high temperature sintering 

makes elaboration of lanthanum phosphate a multi-step and energy 
consuming process. Moreover, thermal dilatation constraints induced by 
high temperature limit multi-layered coatings co-firing. 

Recently, the development of extremely low temperature sintering 
techniques has proved their efficiency for the sintering of a wide range of 
materials below 400 ◦C [10], down to room temperature [11]. The 
general mechanisms, although uncertain [12], proceed through pressure 
solution creep achieved under high pressure (usually from 100 MPa to 1 
GPa). The use of a liquid phase as a solvent for 
dissolution-transport-precipitation steps offers a wide range of possi-
bilities for controlling reactivity and sintering. This way, sintering pro-
cess extended to new types of materials, some of which couldn’t 
withstand high temperature sintering [13–16]. Various materials fam-
ilies were densified, including sulphate [17], carbonate [18], hydroxide 
[19], and phosphate [20]. 

Reactive sintering was developed for the preparation of some ma-
terials, implying a precursor decomposition (hydrated phase, hydrox-
ide) during the sintering process to allow their densification. This was 
successfully applied to thermally fragile phases [17,21,22] and chemi-
cally inert materials [19,23]. 

Although various sintering approaches were developed to achieve 
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low temperature sintering, the general trend consists in applying a mild 
temperature and high pressure on a sample made of pure or slightly 
wetted solid. This way, we used the SPS equipment at low temperature 
and high pressure to achieve low temperature sintering of lanthanum 
phosphate in similar temperature conditions. 

2. Material and method

A commercial lanthanum (III) phosphate hydrate (LaPO4 . xH2O)
powder was purchased from Alfa Aesar and named LPh. 800 and 1000 
◦C heat treatments during 2 h in air were performed on these raw
powders using a Nabertherm oven. Calcined powders are named in the
following LP800 and LP1000, respectively. Thermal behaviour of raw
powders is first studied using TGA/DTA analyses with a SETARAM
(TAG16) equipment in 100–1400 ◦C range with a 10 ◦C/min heating
rate in air.

Sintering is carried out using both a Dr. Sinter 2080 unit, SPS Syntex 
Inc., Japan and a Dr. Sinter 632Lx, Fuji Electronic Industrial CO, Japan, 
available at the Plateforme Nationale de Frittage Flash located at the 
Université Toulouse 3 Paul Sabatier. Spark Plasma Sintered pellets are 
obtained by loading powders into a Ø 20 mm graphite die lined with a 
0.2 mm graphite foil (PERMA-FOIL®Toyo Tanso). Temperature is first 
stabilized at 600 ◦C for 5 min with a heating rate of 200 ◦C/min to reach 
the pyrometer threshold detection. Temperature is raised to 1000 ◦C at 
100 ◦C/min then to 1150 ◦C at 50 ◦C/min. Pressure is increased along 
with the temperature to 100 MPa. Sintering dwell lasts 10 min. Finally, 
temperature and pressure are both released at the same time in 20 min. 

Comparatively, low temperature sintered pellets are obtained by 
loading raw hydrated precursor into a Ø 20 mm tungsten carbide die 
lined with a 0.2 mm graphite paper. Pressure of 400 MPa was applied in 
5 min at 25 ◦C before raising the temperature at 50 ◦C/min up to set-
points of 160 ◦C, 200 ◦C, 260 ◦C and 350 ◦C, respectively, at which it is 
maintained for 10 min. Temperature is measured with a thermocouple 
set in the die wall, near the powder. 

Crystalline phases of raw powders, heat treated powders and sintered 
pellets have been determined by X-ray diffraction using a D4 Endeavor 

Brucker AXS. Measurements are performed at room temperature using 
Cu Kα1 and Kα2 radiation with a Bragg-Brentano geometry with 10◦ <

2θ < 45◦. Secondary electron micrographs were obtained using a field 
emission-gun scanning electron microscopy (Quanta 250 FEG FEI) 
available at Centre de Microcaractérisation Raimond Castaing, UMS 
3623, Université de Toulouse. Acquisition parameters were 20 kV using 
a 10 mm working distance on 8 nm Pt covered fracture surfaces. Finally, 
mechanical properties were evaluated by micro-hardness device using 
Vickers indentation (Hv0.3) on a Mitutoyo HM200 equipment. 

3. Results and discussions

Thermal behaviour of lanthanum phosphate is studied to identify
dehydration and phase evolution from rhabdophane to monazite 
structure. Precursors hydration and crystallisation influences on sinter-
ing are investigated using Spark Plasma Sintering in situ dilatometry 
measurements. As hydrated precursor showed a low temperature 
densification, investigation on its sintering behaviour is complemented 
with dilatometry measurement from room temperature to 400 ◦C. Phase 
crystallisation, microstructures and residual hydration of lanthanum 
phosphates sintered from 160 ◦C to 350 ◦C are carried out to understand 
their impact on micro-hardness. Finally, micro-hardness of a well 
densified and fine-grained lanthanum phosphate sintered at 550 ◦C is 
compared to conventionally sintered and high temperature Spark 
Plasma Sintered samples. 

3.1. Powder characterization 

Phase stability and purity of the purchased hydrated LaPO4.xH2O 
(named LPh) were controlled by TGA/DTA measurements on a 
100–1400 ◦C temperature range. Results are given in Fig. 1 (a) and (b). 
Final weight loss of 7.9 % occurs at three various temperatures corre-
lated with endothermic events. Between 110 ◦C and 150 ◦C, LPh loses 4 
wt.%, then 2.9 wt.% at 260 ◦C, and finally 1 wt.% is progressively lost 
between 300 ◦C and 500 ◦C. The first endothermic weight loss is usually 
attributed to physisorbed water evaporation and second one to 

Fig. 1. TGA (a); DTA (b) and XRD (c) characterization of LPh, LP800 and LP1000.  



chemisorbed water [2,24–27]. The third one must correspond to the end 
of chemisorbed water loss [2] along with loss of organic pollutant 
resulting from the synthesis [26]. The 2.9 wt.% to 3.9 wt.% loss of 
chemisorbed water implies the expected composition of LaPO4 ⋅ xH2O (x 
= 0.4 to 0.5) [2,24–27]. 

From 500 ◦C to 1400 ◦C, no more weight loss is observed in LPh 
thermogravimetric curve. Moreover, no other well defined peak seems 
present on LPh DTA curve. The lack of thermic event at 950 ◦C and 1260 
◦C, usually attributed to the formation and decomposition of La(PO3)3 
phosphate compound [2], attests the lanthanum phosphate phase purity
and its correct 1:1 La:P stoichiometry. However, the lack of an
exothermic peak on the 500–1400 ◦C range is inconsistent with the
crystallization of monazite phase usually observed with a sharp
exothermic peak at 480 ◦C [28], 550 ◦C [26] or 700–750 ◦C [2,24]. DTA
curves of LPh and LP800 exhibit exothermic event on the wide range of
150–825 ◦C which is not observed for LP1000. Thus, this wide
exothermic event can be explained by the monazite crystallisation which
must be progressive.

To confirm crystallization of monazite along with increasing tem-
peratures, XRD analysis is proceeded on raw and heat treated powders. 
Peaks of LPh powder diffraction pattern on Fig. 1(c) are indexed by the 
hexagonal hydrated LaPO4 ⋅ 0.5H2O rhabdophane phase [2]. It exhibits 
wide peaks suggesting submicronic crystallite size and a thinner one 
(102) that suggests a preferred orientation of the crystallites. LP800 and
LP1000 diffraction pattern correspond to dehydrated LaPO4 monazite
structure [2]. However, XRD pattern exhibits wider diffraction peaks for
LP800 as compared to LP1000. One can note that transition occurs
below 800 ◦C but may not be fully complete at this temperature
explaining wider diffraction peaks and exothermic event on the LP800
DTA curve.

XRD results are complemented by microstructural observations on 
powders SEM micrographs. The hydrated phase (LPh), is made of 
agglomerated nano-rods of 150 ± 50 nm length and 26 ± 3 nm thick-
ness. That is consistent with the submicronic and preferred orientation 
suggested by diffraction peaks width. On the contrary, LP1000 is formed 
by 250 ± 50 nm spherical particles, resulting in thin diffraction peaks. 

Fig. 2. SEM micrographs of (a) 1000 ◦C, (b) 800 ◦C heat treated and (c) as received LaPO4.xH2O.  



LP800 microstructure seems to be an intermediate between LPh and 
LP1000. Q. Zheng et al. [9] ascribed this microstructural evolution to the 
fragmentation of nano-rods into nano-spheres, further growing above 
1000 ◦C (Fig. 2). 

3.2. Spark Plasma Sintering behaviour of various LaPO4 precursors 

These progressive dehydration and phase evolution of LaPO4 ⋅ xH2O 
influence on SPS behaviour were investigated. Both hydrated LPh and 
partially inert LP800 precursors are compared using SPS in situ dila-
tometry measurements. In a first step, 50 MPa pressure is applied in 5 
min under dynamic vacuum and temperature is raised and stabilized 
from room temperature to the first temperature detected by the py-
rometer: 600 ◦C. The second step corresponds to the dilatometry mea-
surement: temperature is raised up to 1300 ◦C with a 40 ◦C/min heating 
rate under constant 50 MPa pressure. Chamber pressure and shrinkage 
of LP800 and LPh (respectively, on Fig. 3(a) and (b)) are reported as a 
function of pressure for step 1 and as function of temperature for step 2. 

LP800 powder shrinkage (Fig. 3 (a)) shows a main event between 
650 ◦C and 1000 ◦C, centred at 815 ◦C. This corresponds to an important 
2 mm displacement without degassing phenomenon. It is likely to be 
monazite phase sintering. According to D. Bregiroux et al. [29], pres-
sureless sintering of calcined powder usually takes place between 900 ◦C 
and 1160 ◦C. However, the higher applied pressure (50 MPa) in our 
experiment must explain such lowered sintering temperature. Below 
600 ◦C, during the first heating and pressure ramp, a first slight gas 
release occurs, linked with a small shrinkage. Given the previous ob-
servations (part I) these events can be attributed to, respectively, 
degassing of residual surface hydration and particle rearrangement. 

LPh behaviour is more complex than LP800. First, an important gas 
release is observed (Fig. 3 (b)) during pressure ramp (below 600 ◦C). It is 
attributed to LPh powder dehydration. This gas release comes along 
with an important shrinkage on Fig. 3 (b). This might either be attrib-
uted to water loss, phase transformation from rhabdophane to monazite 

structure or particles rearrangement. The coexistence of both high 
heating and pressure ramp during the first step makes each phenomenon 
contribution difficult to dissociate. Finally, a slight volume shrinkage 
without gas release takes place at 815 ◦C, it must be attributed to 
monazite sintering as observed for LP800. 

This last observation highlights an interesting difference on volume 
shrinkage behaviour of the dehydrated-monazite phase (LP800) and the 
hydrated-rhabdophane phase (LPh). LP800 shrinkage ranges from 650 
◦C to 1000 ◦C while LPh shrinkage occurs below 600 ◦C along with phase
transformation and dehydration. Using a hydrated precursor seems to
allow the access to a reactive sintering taking place at lower temperature
and facilitated by applied pressure.

3.3. Low temperature Spark Plasma Sintering behaviour 

Low temperature – high pressure behaviour of LaPO4 ⋅ xH2O was 
investigated with other SPS in situ dilatometry tests from 25 ◦C to 425 ◦C 
under 400 MPa. Results are reported on Fig. 4. 

Fig. 3. High temperature dilatometry test on Spark Plasma Sintering equip-
ment of (a) LP800 and (b) LPh. 

Fig. 4. Low temperature dilatometry test on Spark Plasma Sintering equip-
ment, (a) SPS chamber pressure and (b) thickness shrinkage. 

Fig. 5. X-Ray diffraction of low temperature sintered LaPO4 ⋅ xH2O.  



During pressure application, no gas release is observed and an 
important shrinkage takes place. This first volume shrinkage is attrib-
uted to grains rearrangement. Once pressure reaches 400 MPa, tem-
perature increases from 25 to 425 ◦C. From 25 to 190 ◦C shrinkage 
occurs with a negligible gas release. Above 190 ◦C, while shrinkage 
remains positive an important gas release is observed with a first peak at 
230 ◦C and a second one at 320 ◦C represented by asterisks on Fig. 4. 
First, from 25 to 190 ◦C, shrinkage can be explained by the hydrated 
rhabdophane phase sintering. Above 190 ◦C, shrinkage interpretation is 
difficult due to gas release, which may also induce displacement. Thus, it 
is not possible to conclude on the origin of shrinkage behaviour 
(densification and/or gas elimination). Nevertheless, delayed water re-
leases at 230 ◦C and 320 ◦C instead of 110 ◦C and 260 ◦C observed on 
TGA measurements indicate that applied pressure constrains water into 
the structure. It is confirmed by a clear gas release (represented by a 
cross on Fig. 4) induced by pressure removal at the end of experiment. 
Pressure induced water confinement has been reported for other com-
pounds sintered in low temperature SPS [17]. 

To confirm and dissociate low temperature high pressure trans-
formation steps, LPh has been sintered at 160 ◦C, 200 ◦C, 260 ◦C and 350 
◦C under 400 MPa during 10 min. X-Ray diffraction patterns of these
samples are reported on Fig. 5.

Sample Spark Plasma Sintered at 160 ◦C exhibits its hydrated 

rhabdophane structure. These results confirm that the first shrinkage 
step (below 190 ◦C) corresponds to the sintering of rhabdophane phase. 
Monazite diffraction peaks appear at 200 ◦C while rhabdophane ones 
totally disappear at 260 ◦C. Phase transition appears to be related to the 
first gas release starting at 190 ◦C (Fig. 4). DTA measurements show 
endothermic behaviour up to 800 ◦C and literature data confirm the 
monazite phase formation up to 800 ◦C. Thus, pressure application has 
an influence on phase transition temperature, allowing monazite for-
mation below 260 ◦C. 

For all samples, XRD peaks width suggests a submicronic crystallite 
size. SEM observations made on sintered samples fracture are displayed 
on Fig. 6. They show nano-spherical grains with grain sizes below 50 
nm. This is consistent with XRD peak broadening. 

Sintered samples were further characterized to determine their 
skeletal densities by He pycnometry. Results are reported in Table 1. The 
160 ◦C, 200 ◦C and 260 ◦C elaborated samples have lower skeletal 
densities than theoretical densities: 4.268 g.cm− 3 for rhabdophane [2] 
and 5.12 g.cm− 3 for monazite [30]. It can be partially explained by 
samples hydration (obtained via mass difference before and after drying 
at 500 ◦C during 2 h) which represents more than 1 wt.% for these 
samples. Nonetheless, considering its 1.3 wt.% hydration and the 
theoretical 5.12 g.cm− 3 monazite density, the 260 ◦C elaborated sample 
should have a higher density of 5.07 g.cm− 3 instead of 4.6 g.cm− 3. The 

Fig. 6. SEM micrographs of (a) 160 ◦C, (b) 200 ◦C, (c) 260 ◦C and (d) 350 ◦C sintered LaPO4.xH2O.  

Table 1 
Microstructure and properties of low temperature Spark Plasma Sintered lanthanum phosphate.  

Sintering parameters 
X-Ray given phase Skeletal density (g. cm− 3) Hydration (wt.%) Microhardness (GPa) 

T (◦C) P (MPa) t (min) 

160 400 10 rhabdophane 4.0 NA 1.3 
200 400 10 mix 4.2 2.5 1.1 
260 400 10 monazite 4.6 1.3 1.4 
350 400 10 monazite 5.1 0.8 1.9  



formation of an amorphous phase as intermediate step could explain the 
observed lower densities measured by pycnometry. Intermediate 
amorphous phase formation has already been observed on other com-
pounds such as AlOOH [19] and seems usual for phosphated compounds 
[31]. 

Mechanical properties of these samples exhibiting grain sizes < 50 
nm were measured by Vickers micro-hardness and reported in Table 1. 
Vickers Hardness increases with sintering temperature, which is 
consistent with the observed dehydration and crystallization of mona-
zite structure sintered at higher temperature. 

As shown previously, high applied pressure constrains water into the 
lanthanum phosphate structure. Thus, it limits low temperature mona-
zite crystallization and results in hydrated sintered samples. To optimize 
monazite crystallization and full dehydration of sintered samples, we 
chose to decrease applied pressure to 200 MPa and increase sintering 
temperature up to 550 ◦C. 

This new sintering cycle is compared in the following to a high 
temperature Spark Plasma Sintering (SPS) and a conventional sintering 
(CS) from literature. 

Fig. 7 shows SEM images of LaPO4 sintered from the hydrated pre-
cursor by various techniques (conventional (a), high temperature SPS 
(b) and low temperature reactive SPS at two magnifications (c & d)).

Conventional sintering used by S.S. Sujith etal. [27] leads to a coarse 
microstructure with 15 μm grain size and closed segregated porosity 
(Fig. 7–(a)). This microstructure is characteristic of an advanced sin-
tering along with important grain growth. Spark Plasma Sintering en-
ables finer microstructures (Fig. 7-(b)) using high kinetics to avoid 
Ostwald ripening, grain size is 5 times smaller as compared to conven-
tional sintering. Finally, low temperature Spark Plasma Sintering 
(Fig. 7-(c & d)) allows to further refine the microstructure with a 
bimodal grain size of 0.9 μm and 0.09 μm. Bimodality of grain size could 
be explained by dissolution-precipitation mechanisms inducing the 
appearance of nano-crystallites at grain boundaries [32]. 

As geometric densities are close to each other (Table 2), significant 
differences in the various mechanical behaviours can be pointed and 
explained. In fact, the coarse microstructure of CS sample has fully intra- 
granular fracture mode with a low micro-hardness of 1.3 GPa while SPS 
and Low Temperature (LowT-SPS) samples exhibits an inter-granular 
fracture mode with an increased micro-hardness of, respectively, 2.3 
± 0.2 GPa and 2.5 ± 0.2 GPa. We can conclude that LowT-SPS, opti-
mizing the temperature and pressure parameters to, respectively, 550 
◦C-200 MPa seems to be a good compromise to develop fine micro-
structures and to reach suitable mechanical properties as well.

Sintering from hydrated precursor allowed to use the dehydration 

Fig. 7. Fracture surfaces SEM micrographs of (a) conventional sintered [27]; (b) Spark Plasma Sintered and (c-d) low temperature Spark Plasma Sintered LPh at 550 
◦C under 200 MPa (2 magnifications).

Table 2 
Microstructures and properties of LPh elaborated by conventional sintering (CS), Spark Plasma Sintering (SPS) and low temperature Spark Plasma Sintering (LowT- 
SPS).   

Sintering parameters Sample density 
Grain size (μm) Microhardness (GPa) ref 

T (◦C) P (MPa) t (min) (g. cm− 3) 

CS 1350 100 3h 4.7 15 1.3 [27] 
SPS 1150 50 10 min 4.9 2.8 2.3 

This study 
LowT-SPS 550 200 10 min 4.8 0.9 & 0.09 2.5  



◦C instead of 1150 ◦C.

4. Conclusion

The structural transition of lanthanum phosphate from rhabdophane
to monazite phases was determined to occur in the range 150 ◦C–800 ◦C 
using XRD and TGA/DTA analyses. Sintering behaviour of rhabdophane 
and monazite phases were explored using Spark Plasma Sintering. While 
monazite densification ends at 1000 ◦C, it is shown that densification 
takes place below 600 ◦C from hydrated rhabdophane phase. 

Several Low temperature Spark Plasma Sintering experiments on 
hydrated precursor were performed from 160 ◦C to 350 ◦C at a pressure 
of 400 MPa. Rhabdophane precursor hydration, stabilized by the 400 
MPa applied pressure, is shown to help densification mechanisms 
through dehydration/phase transition starting at temperature as low as 
200 ◦C. Yet, in these conditions, dehydration is incomplete and limits 
mechanical properties. For this reason, optimizing the parameters (T/P) 
is necessary to guarantee mechanical performances improvement. Thus, 
a densified sample, sintered at 550 ◦C under 200 MPa is obtained. It 
exhibits a submicronic bimodal (i.e. 0.09 and 0.9 μm grain sizes) 
microstructure which is finer than those obtained with conventional 
sintering and high temperature SPS. This submicronic and below 600 ◦C 
elaborated lanthanum phosphate achieves an up to 2.5 ± 0.2 GPa micro- 
hardness. For all these reasons, it is clearly shown that tuning the sin-
tering parameters, this process is proved to open new opportunities for 
the elaboration of lanthanum phosphate. 
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