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Abstract

We have studied the thermal properties of BaHf(PO,), during the heating from the room temperature up to 1600 K by thermal analysis and drop
calorimetry and up to 835 K by Raman spectroscopy. A phase transition appears at about 791 K during heating and at 744 K during cooling. For the
high-temperature polymorph we determined the crystal class and the most likely space groups based on Raman spectroscopic data. The enthalpy
of the transition was derived from the high-temperature heat capacity measurements.
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1. Introduction

The BaM'V(PO4), compounds are interesting for the immo-
bilization of actinides (conditioning), since they can form solid
solutions with M'"'"PO4 monazites (M being a lanthanide or an
actinide) of M'"',_, Ba,M,'V(PQy4), stoichiometry. The possi-
bility to incorporate neutron absorbers such as Gd on M'!! sites
or Hf on M'V sites is an essential pre-requisite for their suitability
as a nuclear waste form. We note here that phosphates contain-
ing actinides such as U and Th are known to have a high aqueous
durability and a good resistance against self-irradiation [1-5].

A literature survey reveals that all the known BaM'V (POy4),
compounds crystallize in the C12/m1 space group [6-9] except
BaTh(POy4)2, which exhibits a monoclinic monazite structure
(P21/n space group) [10] (Fig. 1) or a new, uncharacterised
one [12]. The BaU(POg4)2 compound was not obtained up to
date, perhaps because of thermodynamically constraints, since
UP,07 forms during the solid-state synthesis. Double phos-
phates of barium and transuranium elements are not known up to
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now. On the other hand, An'"',_, Ba,Hf(PO4), solid solutions
containing trivalent actinides could act as nuclear waste form.
For example, we have shown in a model inactive study that a
single phase Cey_»,Ba,Hf(PO4)2 monazite-like solid solution
forms for x < 0.1 [13]. A limited miscibility of BaHf(PO4); in
An'""POy4 (An'"' =Pu, Am and Cm) is also expected.

For these reasons, we started a systematic study on the ther-
mal stability of the BaHf(PO4)2 end member. Like SrZr(PQy4);
[14] and BaZr(POg)2 [6,7], BaHf(PO4)2 also undergoes a first-
order phase transition (near 730 K upon heating). Whereas the
monoclinic to hexagonal phase transition in SrZr(PQy); is very
well defined and occurs at 1196 K [14], the phase transforma-
tion in BaZr(POg4), is characterised by the coexistence of the
low- and high-temperature polymorph over a temperature range
between 750 and 890 K [7,15]. To further characterise the phase
transition of BaHf(POy4)2, the high-temperature behaviour of this
compound was studied by differential thermal analysis (DTA),
differential scanning calorimetry (DSC), drop calorimetry, and
Raman spectroscopy.

2. Experimental

BaHf(PO4), was obtained by solid-state reaction from
BaCOj3 (Merck), HfO, (Alfa Aesar), and (NH4)2HPO4 (Merck).
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Fig. 1. The cell volume of BaM'(PQy), as a function of the radii [11] of the
M cations (into the coordination V1).

The starting compounds were ground in an agate mortar. The
reaction mixture was then heated in an alumina crucible at
1523 K for 200 h (with heating and cooling ramps of 100 and
300K h~1, respectively). An excess of phosphate (25%) was
necessary, since unreacted BaO and HfO, were detected as
impurities in synthesis trials started with equimolar Ba—Hf-P
ratios, smaller excess of phosphate at lower temperature, or
shorter reaction time.

The sample purity and homogeneity was verified by scan-
ning electron microscopy using a Philips SEM515 instrument
with a Tracor northern EDX detector. The compound was further
characterised at room temperature by X-ray powder diffraction
measurements using a Bragg—Brentano Siemens D5000 diffrac-
tometer, equipped with a PSD detector. Cu Ka radiation was
used for the measurement. The count step and the dwell time
were 0.03° (260) and 30 s, respectively. Unit cell parameters were
refined on powdered samples by a Rietveld-type method using
the Fullprof software.

The thermal behaviour was investigated by differential ther-
mal analysis (Netsch STA 449C Jupiter) in alumina crucibles in
an air atmosphere up to 1500 K. The applied heating and cooling
rates were 5 K min—1,

The enthalpy increments were determined on parts of ceramic
pellets sintered for 5 h at 1673 K using a Setaram multi-detector
high-temperature calorimeter (MHTC-96). The measurements
were carried out in drop mode, using platinum (99.95% purity)
as internal standard in each isothermal run. More details of the
technique are described in [16]. A run consisted of up to nine
consecutive drops of samples and references, separated by time
intervals of about 1200 s during which the heat flux re-stabilised
to a constant value. All measurements were performed in air.
The relevant reference data for the heat capacity of Pt were taken
from [17]. All evaluations of background subtraction and peak
integration were done by DSCEval software [18]. A temperature
calibration was carried out separately using pure standard metals
(Sn, Pb, Al, Ag, and Au) and the reported temperatures have been
corrected accordingly.

The heat capacity for the temperature range from 1100
to 1400 K was measured with a Setaram multi-detector high-
temperature calorimeter equipped with a DSC detector using
the step method. Three sets of measurements were performed to
determine the heat capacity of the BaHf(POy),. First the back-
ground signal was measured, then the sapphire standard (Al,O3)
with the known thermodynamic data to obtain the sensitivity
of the apparatus, and finally our sample. Each run consisted
of 20 steps with a temperature increase of 15K at the heating
rate of 2K min~1. An isothermal sequence of 4200s was pro-
grammed between these steps to stabilise the heat flow signal.
Using this method, it was assumed that the heat capacity during
each step is constant and the temperature of each heat capacity
point was taken as the average of the start and end temperature of
the step.

Raman measurements were conducted with a high-resolution
Jobin Yvon HR800 Raman spectrometer using a Nd-YAG
(532 nm) laser with ~10 mW power at the surface of the ceramic
pellet in the frequency range between 160 and 1300cm~1,
The scattered Raman light was collected in 180° backscatter-
ing geometry and dispersed by a grating of 1800 grooves/mm
with a spectral resolution of ~1.2cm~1. A 10x objective with
a numerical aperture of 0.75 was used for all measurements.
The backscattered Raman signal was collected four times for
15s. The pellet was heated in a Linkam heating stage for
temperature-dependent measurements. The heating and cooling
rates between the individual temperature steps were 10 K min—!
and the sample was equilibrated for 5 min at the desired temper-
ature. The accuracy of the temperature was better than +5 K.

3. Results and discussion

The comparison between observed and calculated patterns
of barium hafnium phosphate at room temperature is presented
in Fig. 2. The cell parameters obtained from the refinement
of this structure (space group C2/m) are a=0.85389(2) nm,
b=0.52928(1) nm, ¢=0.78811(2) nm and 8=93.170(2)°. They
are in good agreement with those obtained by Paques-Ledent
[9] on the basis of the isomorphism with the monoclinic lay-
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Fig. 2. Room-temperature Rietveld refinement plot of BaHf(PO,),, showing
the observed (), calculated (solid line), and difference pattern (lower). The
vertical marks indicate the positions of allowed Bragg reflections.
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Fig. 3. DTA curve for BaHf(PO4), from room temperature to 1600 K.

ered structure of the yavapaiite KFe(SO4)2 (a=0.8525nm,
b=0.5284nm, ¢=0.7874nm and 8=93.12°).

The DTA analysis (Fig. 3) indicates a single event during
heating (assigned to a first-order phase transition) at about 791 K
(onset temperature). During the cooling, the reverse event was
observed around 745K and only the monoclinic phase was
present at the room temperature, as revealed by XRD.

The Raman spectra of BaHf(PO,), recorded from room tem-
perature up to 835 K are shown in Fig. 4. We note that the number
of Raman active internal PO, vibration modes decrease from
nine to six at the phase transition, which was observed around
790 K. The same reduction of Raman bands across the transi-
tion has been previously observed for BaZr(PO4)2 [15]. Group
theoretical considerations for the high-temperature polymorph
of BaZr(PO4), have shown that the reduction of the number of
Raman bands can only be consistent with a trigonal structure,
where the Baand Zr atoms are located at a D34 site, the P and two
O at a C3y, and six O atoms at a Cs site in the D3q factor group
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Fig. 4. Raman spectrum from the room temperature and the high-temperature
polymorph at 835 K.
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Fig. 5. The reduced enthalpy increment A@W H° /AT for BaHf(PO4), function
of the temperature (7, = 298.15 K).

[15]. Possible space groups for this polymorph were found to
be: D34(P31m), D34(P3m1) or D3,(R3m). We conclude here
that the high-temperature polymorph of BaHf(PO4), has the
same crystal structure as the high-temperature polymorph of
Bazr(PO,);.

The high-temperature enthalpy increment of BaHf(PO4);
was measured from 490 to 1565 K. Asshown in Fig. 5, adisconti-
nuity can be deduced from the plot of the reduced enthalpy incre-
ment Alg' H° /AT, since the results show two distinct groups. It
appears between 750 and 785 K and is attributed to the transition
between the two modifications of BaHf(PO4)2 (Supplementary
data, Table 1). This is consistent with the Raman and DTA
results.

A polynomial fit to the enthalpy increments obtained for the
monoclinic phase yielded following equation:

AT H® (Jmol ™)
= 155.9404 (T/K) + 95.1856 x 1073 (T/K)? — 54955.0
D

while for the high-temperature polymorph (over 787 K) the fit
yielded:

AfmH® (Jmol ™)
= 155.9404 (T/K) + 95.1856 x 1073 (T/K)? — 74977.0
)

We obtain a transition enthalpy of AysH°=1.71+0.11kJ
mol~1 (Tys = 791 K) from these equations.

Although the enthalpy increment measurements could sug-
gest a second discontinuity between 1200 and 1300 K, no cor-
responding event was observed by our DTA measurements.
Therefore, an additional heat capacity measurement using the
DSC detector was performed. The results from the experiment
are shown in Fig. 6, where the line represents the result of a
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Fig. 6. The heat capacity of BaHf(PO4), between 1100 and 1400 K as measured
by DSC. The solid line reflects a fit to the heat capacity data, whereas the dotted
line was derived from the enthalpy curve.

regression to the data, which yields following equation:
Cp(T) K™ mol 1)
= 268.026 + 0.01124 (7/K) (from 1100 to 1400 K) (3)

The high errors reflect a slight decrease of the sensitivity of
the instrument at high temperatures. Nevertheless the data are
accurate enough to conclude that there exists no further phase
transition. As can be seen in Fig. 6, the heat capacity equations
are in excellent agreement with the heat capacity derived by
differentiation of the enthalpy curve; the difference is less than
one percent.

4. Conclusions

This study revealed the existence of a first-order phase tran-
sition during the heating and cooling of BaHf(PO4),. This
transition was characterised by thermal analyses and Raman
spectroscopy. The enthalpy of transition was calculated and
the possible space group for the high-temperature polymorph
could be restricted to D34(P31m), D3,(P3m1) or D3,(R3m).
The structure of the high-temperature polymorph has to be fur-
ther characterised by high-temperature XRD studies. Because
of the similarity between the compounds with yavapaiite struc-
ture, we predict the existence of similar phase transitions in other

M''"M'V(PO4), compounds, where M!" =Ba, Ra, and M"Y =Ti,
Zr, Hf, Ge, and Sn.
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Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.tca.2006.08.011.
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