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The high-temperature phase stability of Ca102xCsx(PO4)6(OH)2, (x = 0–3) compositions synthesized by
various wet chemical methods was investigated. The thermal expansion property of Ca10(PO4)6(OH)2
(abbreviated as CaHAp) and Cs-substituted CaHAp was measured by high-temperature XRD and
dilatometry. The average crystallite size of the powders synthesized by wet chemical methods was found to
be 10–50 nm range as shown by XRD and TEM. Up to 30 mol% Cs loading was observed to show only the
apatite phase by XRD when the apatite powder was nanocrystalline in nature. However, high-temperature
stability of the Cs-substituted system is limited to £5 mol%. Cs3(PO4) is observed to be separated
out on heating the material above 773 K for compositions substituted with more than 5 mol% of Cs
in the Ca-sublattice. The coefficient of thermal expansion measured by HTXRD is aa = 12.423
1026 K21, ac = 14.983 1026 K21; and aa = 12.623 1026 K21, ac = 12.573 1026 K21 for CaHAp and
Ca9.78Cs0.2(PO4)6(OH)1.96, respectively, in the temperature range of 298-1083 K. Bulk thermal expansion
measurements are seen to be in agreement with the lattice expansion results.

Keywords bulk thermal expansion, Cs-substituted apatite, high-
temperature XRD, phase stability

1. Introduction

Hydroxy apatite is a naturally occurring mineral having
hexagonal structure with the unit cell formula of M5(PO4)3(X),
where M = Ca, Sr, Ba, Pb, Cd and X = OH, Cl, or F (Ref 1, 2).
Apatites form solid solutions with various cations (Ref 3) and
can immobilize important radioactive elements such as Sr, Cs,
and Tc (Ref 4). Apatite minerals form naturally and are stable
across a wide range of geologic conditions for hundreds of
millions of years (Ref 5-7). Apatites are also used in
conditioning the contaminated soil (Ref 8). Apatites are leach
resistant in a wide pH range up to 1000 �C (Ref 9, 10). Apatites
are also used in the phosphate-induced metal stabilization
(PIMS) of contaminants such as Pd, Cd, U, Hg, etc. (Ref 8).
Hydroxyapatite has a complicated crystal structure in which the
unit cell contains two formula units of Ca5(PO4)3OH. In this
compound, Ca-ion exists in two different chemical environ-
ments, four Ca ions occupy a CaI site and other six occupy a
structurally distinct CaII site (Ref 11). Chartier et al. (Ref 12)
have carried out the computational studies on Cs immobiliza-
tion and predicted that the preferential site for Cs and La

substitution in Ca10(PO4)6F2 apatite to be Ca-I (4f) and Ca-II
(6h). The attractive feature of the apatites for nuclear waste
immobilization is their ease of preparation at low temperature,
which is a prerequisite to avoid volatilization of elements like
Cs during the high-temperature chemical processes used for
waste matrix preparation. However, application of apatites for
nuclear waste management is not extensively studied. Studies
related to novel wet chemical synthesis and Cs-loading in
hydroxyl apatites was reported in our earlier work (Ref 13). In
this study, effect of crystallite size has been investigated on the
Cs-incorporation into apatite lattice. The effect of temperature
on the phase stability of apatites and Cs-substituted apatites was
studied. Further, % thermal expansion of sintered pellets of
Ca10�xCsx(PO4)6(OH)2, x = 0-0.2 compositions were measured
by push rod dilatometry and the results were discussed.

2. Experimental Procedure

2.1 Sonochemical Reaction

Hydroxyl apatite (Ca10(PO4)6(OH)2) was synthesized by
using stoichiometric quantities of Ca(OH)2 and H2NH4PO4 by
co-precipitation followed by ultrasonication at 60-100 �C.
Cs-substitutions were carried out by adding stoichiometric
amounts of Cs2CO3 to Ca10�x(PO4)6(OH)2 precipitate and
heating at 373-423 K. The compositions (Ca10�xCsx(PO4)6
(OH)2 (x = 0-3) were subsequently heat-treated at various
temperatures from 373 to 1323 K, and their phase stability was
examined by XRD. Hydrothermal method was also adopted to
synthesize the above precursor compositions. The reagents
were contained and reacted in a Teflon bowl inside an autoclave
at 423 K.
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2.2 Characterization of the Powders

The synthesized powders were characterized by XRD (using
Siemens D 500 diffractometer or Philips X�Pert Pro MPD
system). The powders obtained from all the routes were
examined by x-ray powder diffraction, employing a Siemens
D-500 powder x-ray diffractometer in the step scan mode using
Cu Ka radiation. XRD pattern of the powders heat-treated at
various temperatures (298-1123 K) were recorded at 298 K.
The heat-treated fine powders were examined by transmission
electron microscope (TEM; JEOL 2010, 200 kV) and surface
morphology of the oven dried as-prepared powders (consoli-
dated into pellets) and pellets heat-treated at higher tempera-
tures were characterized by scanning electron microscopy
(SEM XL 30, Philips, LaB6 filament and resolution 2 nm). The
infrared (IR) spectra of the powders heat-treated at 473, 673,
and 1073 K were taken in KBr matrix to identify the presence
of hydroxyl groups (Bomem, MB-100 FTIR, resolution
4 cm�1). The powders obtained from decomposition process
were examined by TG/DTA (Setaram Instruments, Setsys
Evolution 16/18) in order to find out the weight loss
characteristics as well as phase transformation, if any, within
the programmed temperature range (298-1273 K). The weight
loss behavior of the samples was also studied by the
temperature-programmed evolved gas analysis in vacuum
(10�4 Torr) with simultaneous mass spectrometry (EGA-MS)
in which the evolved gases were detected in situ by a
quadrupole-mass spectrometer (maintained at 10�10 Torr).
The stoichiometry of the compositions was confirmed by wet
chemical methods. Cs and Ca compositions were detected by
atomic absorption spectroscopy (AAS) methods. The Ca/P ratio
was found to be 5.0:3 in case of undoped apatite. The Cs-doped
composition shows a Ca/P ratio of 4.89:3 and Cs is 0.2 mol in
case of Ca9.78Cs0.2(PO4)6(OH)1.96. The estimated values are
within the error of ±5%.

2.3 Crystallite Size Measurement by Using
Scherrer Formula

The crystallite size of the powders were measured by using
Scherrer formula (Ref 14, 15), t = 0.9k/D cos h, where
t = crystallite size, B = (b2�B2)½, b = sample broadening,
and B = instrumental broadening in radians. The instrumental
broadening was measured by using NBS Si as standard. k is the
wave length of x-radiation (Cu Ka). The crystallite size
measured by XRD is compared with particle size measured
by TEM and SEM.

2.4 Thermal Expansion Measurements by XRD
and Dilatometry

The thermal expansion behavior of the CaHAp and
Cs-substituted analogs were investigated by high-temperature
XRD (HTXRD) and dilatometry. The HTXRD measurements
were carried out by using the HTK-16 module of Philips X�Pert
Pro MPD system. The powder samples were mixed with Pt
powder (1:5 = Pt:CaHAp wt. ratio) as internal standard for
temperature correction. The fine powders were mounted on the
tantalum strip (sample carrier) that was resistively heated at
programmed rates. The sample temperature was monitored with
a thermocouple spot welded to the rear of the sample carrier
strip. All measurements were carried out in a vacuum of about
10�5 Torr. The XRD patterns of the samples recorded at room
temperatures, and then the temperature was increased in steps

of 100-1173 K. The lattice parameters were obtained from the
XRD data at each temperature. The lattice parameters, l, were
fitted against temperature (in Kelvin) to the polynomial
expression: l = x + yT + zT2. The average axial expansion
coefficient, al, between the temperatures, T1 and T2, was
calculated by the equation, al = (l2� l1)/(l1(T2�T1)), where l1
and l2 are the lattice parameters at temperatures T1 and T2,
respectively. Similarly, the average volume expansion coeffi-
cient, av, was also calculated. The average linear expansion
coefficient, �a, was calculated by the following expression:
�a = av/3 = (2aa + ac)/3. Bulk thermal expansion measure-
ments were carried out on sintered pellets using a home-built
push rod dilatometer (Ref 16).

3. Results and Discussion

3.1 Solid Solution Formation and Phase Stability

Wet chemical methods yielded nanocrystalline (10-50 nm)
phase pure powders of Ca10(PO4)6(OH)2 as evident from the
XRD patterns shown in Fig. 1. The nanocrystalline nature of
the powders was further confirmed by TEM and SEM
examinations of the samples. The TEM micrograph of
Ca10(PO4)6(OH)2 powders show an average size distribution
of 10-50 nm as shown in Fig. 2(a), and the selected area
electron diffraction (SAED) pattern of the powders show ring
patterns (Fig. 2b), indicating nanocrystalline nature of the
powders. The TEM micrograph of the as-prepared powders
shows needle-shaped structures, which was also observed by
various other investigators (Ref 17, 18). The SEM of the pure
Ca10(PO4)6(OH)2 shows compact relatively pore free micro-
structure (Fig. 3a) on heat-treatment at 1073 K. The SEM
(Fig. 3b) of 2 mol% Cs-substituted composition does not show
flaky structure indicating the incorporation of Cs into the
apatite matrix and 5 mol% Cs-substituted hydroxyl apatite
compositions show a flaky structure (Fig. 3c).

Fig. 1 XRD pattern of as-prepared oven dried Ca10�xCsx(PO4)6
(OH)2, x = 1-5
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Further, 30 mol% (i.e., Cs/(Cs + Ca) = 0.3) of Cs-substitu-
tion into Ca-sublattice yielded single nanocrystalline CaHAp
phases as shown in Fig. 1. Also, 50 mol% (i.e., Cs/(Cs +
Ca) = 0.5) of Cs-substitution yielded Cs3PO4 (cubic system,
a = 8.83 Å) as the major phase without heat-treatment of
the precursor powders as shown in Fig. 1. However, on
heat-treatment above 773 K, Cs-substituted compositions
(i.e., Ca10�xCsx(PO4)6(OH)2, x ‡ 0.5) decomposed to bi- or
tri-phasic mixtures of Ca10�xCsxHAp, Cs3PO4 and CaO,
whereas Ca10(PO4)6(OH)2 composition is stable up to 1423 K
as shown in Fig. 4.

The phase instability of Ca10�xCsx(PO4)6(OH)2�d, x ‡ 0.5
compositions and occurrence of Cs3PO4 as a separate phase
may be attributed to the ionic radius mismatch. The ionic radius

of Cs+, i.e., rVII
Csþ
¼ 1:71 Å; rIX

Csþ
¼ 1:78 Å

� �
is larger compared

to that of Ca2+ rVII
Ca2þ
¼ 1:06 Å; rIX

Ca2þ
¼ 1:18 Å

� �
(Ref 19) in

the Cs-doped CaHAp lattice. A computational study of Cs
immobilization in Ca10(PO4)6F2 apatite by Chartier et al.
(Ref 12) reported size constraints leads to the instability of

the Cs-loaded apatite matrix. Hence, very limited amount of
Cs-substitution is recommended in the apatite matrix. To attain
charge neutrality, stoichiometric amounts of OH� ions are
removed from the lattice forming hydroxyl defects. Crystallo-
graphically apatite has 10 Ca-atoms per unit cell, which are
arranged in two different coordination spheres such as CaI-O9

and CaII-O6X (X = OH�) polyhedra (Fig. 5). CaII-O6(OH)

Fig. 2 (a) TEM micrograph of Ca10(PO4)6(OH)2 showing needle-
shaped structures (average size 10-50 nm). (b) Selected area electron
diffraction (SAED) pattern of as-prepared Ca10(PO4)6(OH)2, showing
ring patterns

Fig. 3 (a) SEM micrograph of Ca10(PO4)6(OH)2 composition
heat-treated at 1073 K. (b) SEM micrograph of Ca9.8Cs0.2(PO4)6
(OH)2 composition. (c) SEM micrograph of Ca9.5Cs0.5(PO4)6(OH)2
composition
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polyhedra are corner shared along c-axis, and CaIO9 polyhedra
are face shared as shown in Fig. 5. CaIO9 and CaII-O6(OH)
polyhedra are interconnected by PO4 tetrahedra. Further, CaII-
O6(OH) and CaIO9 polyhedra are edge shared.

The lattice parameters of the hexagonal unit cell of CaHAp
and Cs-substituted compositions are a = 9.435(2) Å, c =
6.887(2) Å, and a = 9.384(2) Å, c = 6.893(3) Å, respectively,
at 298 K. The decrease of lattice parameter a for the Cs-doped
composition is ascribed to the partial removal of OH� from
CaII-O6(OH) polyhedra and creation of OH� vacancies
rVIOH� ¼ 1:37 Å
� �

(Ref 19) of the unit cell; the change in the
parameter c is less significant, perhaps due to the presence of
the rigid face-shared columns of polyhedra along the c-axis as
shown in Fig. 5.

The presence of hydroxyl groups (OH) is indicated by the
FTIR spectrum of CaHAp and Cs-substituted CaHAp in
Fig. 6(a). Ca9.8Cs0.2(PO4)6(OH)2 sample heat-treated at 773 K
shows broad OH stretching band at 3452 cm�1 corresponds to
surface P-OH stretching and a sharp band at 3571 cm�1 which
corresponds to the lattice OH� stretching. Figure 6(b) shows the
librational (torsional) mode of lattice OH� which is character-
istic of lattice hydroxyls and differentiates from the surface
adsorbed hydroxyls. These observations agree well with the
literature data (Ref 20, 21). Ca9.78Cs0.2(PO4)6(OH)1.96 sample
heated at 973 K shows only the stretching modes of lattice
hydroxyls (3571 cm�1). This indicates a proportionate loss of
hydroxyl ions on substitution of Cs at the Ca-site in CaHAp
lattice leading to the formation of hydroxyl defects. This was
also further supported by TG-DTA experiments of the samples.

3.2 High-Temperature Thermal Expansion

The HTXRD patterns recorded in situ at various tempera-
tures is shown in Fig. 7 for Ca9.8Cs0.2(PO4)6(OH)2. These
patterns indicate the phase stability and phase purity of
the 2 mol% Cs-substituted composition. Variation of lattice

Fig. 4 XRD of Ca10�xCsx(PO4)6(OH)2 showing phase stability at
various temperatures

Fig. 5 Schematic of Ca10(PO4)6(OH)2 showing CaIO9 and Ca2O7

polyhedra

Fig. 6 (a) FTIR spectra of Ca10�xCsx(PO4)6(OH)2� d, x = 0-0.2,
d = 0-0.04. (b) FTIR spectra of Ca10�xCsx(PO4)6(OH)2, x = 0-0.2
showing OH librational (torsional) mode of vibration
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parameters a and c with temperature is shown in Fig. 8. The
lattice parameters are found to increase linearly with temper-
ature. The coefficient of average linear thermal expansion
between room temperature and 1083 K are aa = 12.429 10
6 K�1, ac = 14.989 10�6 K�1; and aa = 12.629 10�6 K�1,
ac = 12.579 10�6 K�1 for CaHAp and the Cs-substituted
material, respectively. On Cs-substitution, the coefficient of
linear expansion along the c-axis decreased by 2.569 10�6

K�1 unit. This may be due to the partial removal of OH�

anions and consequent rearrangement of CaII-O6(OH) polyhe-
dra along the c-axis. It is interesting to note that the thermal
expansion behavior of the apapite material has become nearly
isotropic upon Cs-substitution. The bulk thermal expansions
measured by dilatometry and average linear expansion mea-
sured by HTXRD are compared in Fig. 9 for Ca10(PO4)6(OH)2
composition. The two are in very good agreement. In Fig. 10,
the linear expansion of Ca10(PO4)6(OH)2 is the highest among
the Cs-substituted compositions. The linear expansion of 2
mol% Cs-substitution is the least. This may be attributed to the
formation of proportionate hydroxyl defects on substitution of
Cs- at Ca-site in CaHAp. The formation of hydroxyl defects
brings down the expansion along c-axis.

4. Conclusions

Cs, 30 mol%, is seen to be loaded into the nanocrystalline
apatite matrix. However, high-temperature stability (1173 K) is
found to be limited to compositions containing £5 mol% Cs.
The thermal expansion behavior of the compounds is aniso-
tropic, and the average expansion coefficients are found to be
>109 10�6 K�1. The % of thermal expansion measured by
HTXRD and dilatometry are in good agreement.
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