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Pressure induced amorphization

in calcium phosphates
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Polycrystalline hydroxylapatite (HA), hydrated tricalcium phosphate (HTCP), α tricalcium
phosphate (α TCP), dicalcium phosphate dihydrate (DCPD) and dicalcium phosphate
anhydrous (DCPA) were subjected to various pressures upto 10 GPa and the retrieved
materials were examined by XRD and FTIR. These compounds showed amorphization at
pressures upto 10 GPa, the pressure being lowest for HTCP and DCPA. At intermediate
pressures, the amorphous phase obtained was anisotropic. Significant changes in the
infrared spectra were observed in all materials except DCPA. These changes are due to the
lowering of site symmetry on amorphization. C© 1999 Kluwer Academic Publishers

1. Introduction
There are several investigations on biocompatibility
and clinical evaluations of hydroxylapatite (HA), tri-
calcium phosphate (TCP) and bone cements prepared
from the mixtures of calcium phosphates [1]. Several
composites [2] and ceramics [3, 4] derived from cal-
cium phosphates and hydroxylapatite have been found
to be biocompatible and are used in oral and prosthetic
surgery and bone augmentation. The experimental stud-
ies on the formation of hydraulic calcium phosphate
cements (CPC) have shown that in the early stages the
material formed is in the amorphous state and over a
period of four to thirty weeks it transforms to crystalline
HA or octacalcium phosphate (OCP) [5, 6]. The prop-
erties of the CPC formed depend on a number of factors
[7] such as the pH, temperature, presence or absence of
certain ions such as Mg+2 and PO−3

4 and on the crystal
structure of the reactants. The amorphous phase occurs
in the early stages of formation, while the preparation
of highly crystalline form often requires aging and ex-
tensive boiling of the precipitate or preparation under
hydrothermal conditions [8].

We have reported earlier observation of crystalline
to amorphous (c→a) transition in HA at a pressure
of about 10 GPa [9]. Later we reported preliminary
studies on pressure induced c→a transition inα tri-
calcium phosphate (α TCP), dicalcium phosphate di-
hydrate (DCPD) and anhydrous dicalcium phosphate
(DCPA) [10]. It has been suggested that the pressure in-
duced c→a transitions in Ca(OH)2, Mg(OH)2, Ni(OH)2
and serpantine 3MgO·2SiO2·2H2O is probably caused
by the expulsion of water at high pressures [11]. On
the other hand, the c→a transition in LiKSO4 and
AlPO4, which consists of an open network structure
and are made up of two types of structural units having
different compressibilities, is attributed to polyhedral
tilt mechanism [12–15]. The crystal structures of cal-

cium phosphates are also made up of loosely packed
polyhedra. The polyhedra are arranged in columns in
HA and TCP, in layered structures in DCPD and as
inter-connected chains in DCPA. For the sake of com-
pleteness we have also investigated hydrated tricalcium
phosphate (HTCP) which has a structure closely related
to that of HA. The high pressure studies on calcium
phosphates thus give an opportunity to study correlation
between the pressure induced changes and the loosely
packed crystal structures of these compounds.

The paper is arranged as follows. The experimental
details pertaining to the preparation of materials, tech-
niques used for characterisation and for high pressure
investigations are given in Section 2. HTCP and HA
have remarkable similarities. In Section 3 we discuss
the experiments which bring out similarities and differ-
ences between HTCP and HA. In Section 4 we discuss
the crystal structures and the results of high pressure
studies on HTCP, HA,αTCP, DCPD and DCPA. Sig-
nificant changes in the infrared spectra were observed
for all materials except DCPA. In Section 5 we summa-
rize the results and discuss the role of crystal structure in
understanding the trends in the pressure induced c→a
transitions.

2. Experimental techniques
HA used was prepared from Ca(OH)2 and dilute H3PO4
in molar ratio 5 : 3 while maintaining pH> 7, follow-
ing standard procedures, namely, slow addition of reac-
tants, constant stirring, boiling and aging of the precip-
itate [9]. HTCP, DCPD and DCPA were analar grade
materials from commercial sources.α TCP was pre-
pared by heating HTCP to 1250◦C for 5 h.

The materials were characterised by X-ray pow-
der diffraction (XRD) and Fourier transform infrared
(FTIR) spectroscopic techniques. The X-ray diffrac-
tion patterns were recorded with CuKα radiation using
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a Philips PW 1820 wide-angle goniometer mounted on
PW 1729 X-ray generator. The data were processed
using a PW 1710 microprocessor coupled to a PC AT.
The XRD patterns of all these materials matched well
with those reported in the literature. FTIR studies were
performed using a BOMEM DA3.003 spectrometer
with mercury cadmium telluride (MCT) and deuterated
triglycine sulphate (DTGS) detectors. For each sample
200 scans were accumulated with 1 cm−1 resolution
using KBr pellets containing 1% sample. All spectra
were recorded in vacuum in transmittance mode with
pure KBr as reference. The FTIR studies showed car-
bonate bands at∼1400 cm−1 in HA, HTCP and DCPA
but not in DCPD andα TCP. The infrared bands ob-
served with our materials agreed well with the earlier
reports on HA,α TCP and DCPD [16–18].

High pressure experiments employed Bridgman
anvils having face diameter 12.7 mm and pyrophyllite
gaskets having 12.7 mm o.d.× 5.3 mm i.d.× 0.5 mm
height for experiments upto 8 GPa [19] and anvils hav-
ing face diameter 6.3 mm and pyrophillites gaskets hav-
ing 6.3 mm o.d.× 3 mm i.d.× 0.5 mm height for higher
pressures upto 10.5 GPa [20]. The 0.45 mm thick com-
pressed discs of the starting materials were placed in
the centre of the pyrophillite gasket and kept at a de-
sired pressure for 72 h. The Bi I-II and III-V transitions
at 2.55 and 7.67 GPa were used for the pressure cali-
bration of anvils.

Figure 1 Differential thermal analysis and thermogravimetric analysis curves for (a) hydroxylapatite and (b) hydrated tricalcium phosphate.

3. Thermophysical studies on
hydroxylapatite (HA) and hydrated
tricalcium phosphate (HTCP)

Netzsch thermobalance Model STA 409 was used for
simultaneous differential thermal analysis and thermo-
gravimetric analysis (DTA-TG) experiments. Differ-
ential temperature sensor consisted of Pt/Pt-10%Rh
thermocouples. Specimens of HA and HTCP dried at
100◦C were used. Fig. 1 shows the DTA-TG curves ob-
tained at a heating rate of 10 K min. It is seen that both
HA and HTCP show an endothermic peak upto about
200◦C followed by an exothermic behaviour from 200
to 500◦C. The endotherm is associated with the loss
of adsorbed water. This type of behaviour has been
reported in HA by Linet al. [21] who attribute the
exotherm to be agglomeration of ultrafine powders to
reduce surface energy. In separate experiments speci-
mens of HTCP and HA were heated at 150 and 200◦C
in alumina boats for two hours and the XRD pattern of
powders at room temperature were recorded. The mate-
rials retrieved from these temperatures was crystalline.
We therefore attribute the exotherm to aggregation
of microcrystallites as has been reported in HA [21].
HTCP and HA show similar dehydration characteris-
tics and weight loss of approximately 4% upto 600◦C.
It is seen that HA remains stable upto about 1100◦C
and above this temperature it shows an exothermic-
ity due to OH bond release. HTCP shows a plateau in
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the TG curve between 600 and 800◦C, as it gradually
transforms toβ TCP. The transformation is complete
at 900◦C. There is an additional weight loss of 1.3%
above 600◦C as it transforms to anhydrous tricalcium
phosphate. On the basis of a total weight loss of about
6% the molecular formula of HTCP used in our exper-
iments can be written as Ca3(PO4)2 1.1H2O. The tran-
sition toβ TCP around 900◦C and toα TCP around
1280◦C is marked by the exothermic change in the DTA
curve.

HTCP was heated in an alumina crucible at different
selected temperatures for twenty four hours and fur-
nace cooled. The XRD patterns of the retrieved materi-
als were taken to identify the phases formed on heating
HTCP at various temperatures. The results are summa-
rized in Fig. 2. It is seen that HTCP heated to 635◦C for
twenty four hours transforms into a mixture of HTCP,
β TCP and an amorphous phase. The hump in the X-ray
background indicates the pressure of amorphous phase.
The HTCP→β TCP dehydration reaction is accompa-
nied by fragmentation of material. The material heated
to 920◦C for forty hours shows complete conversion
to theβ TCP phase and the narrow line width indi-
cates high crystallinity of this material. At 1250◦C it
shows transition toα TCP phase. A detailed description
of TG/DTA of HTCP and HA was given to distinguish
these two compounds which gave nearly identical XRD
patterns.

HTCP was heated to 540◦C and furnace cooled. It
gave an XRD pattern similar to that of starting HTCP.
At this temperature, there is loss of adsorbed water
and the composition as deduced from TG analysis
is TCP 0.3H2O. The XRD pattern however is same
as that of starting HTCP. In separate experiments

Figure 2 XRD patterns of hydrated tricalcium phosphate: (a) as pre-
pared powder, (b) powder fired for 12 h at 120◦C, (c) at 540◦C, 12 h, (d)
at 635◦C, 12 h, (e) at 900◦C, 12 h and (f) at 1250◦C, 24 h. The phases
observed in the XRD pattern are identified. HTCP: hydrated tricalcium
phosphate, TCP: tricalcium phosphate, Am: amorphous.

Figure 3 XRD pattern of hydrated tricalcium phosphate: (a) HTCP fired
at 120◦C, (b) HTCP+1/3 mol % of Ca(OH)2 fired at 460◦C, 24 h and
(c) HTCP+1/3 mol % of CaF2 fired at 460◦C, 24 h.

HTCP {Ca3(PO4)2 1.1H2O} was mixed with Ca(OH)2
and CaF2 to produce composition with Ca/P ra-
tio 5 : 3. The mixtures were heated to 460◦C for
24 h and furnace cooled. The XRD patterns obtained
were similar to those of starting HTCP and diffrac-
tion lines corresponding to unreacted Ca(OH)2 or
CaF2 were not observed (Fig. 3). These experiments
bring out intrinsic stability of the HA type struc-
ture over the composition range Ca3(PO4)2 1.1H2O to
Ca3(PO4)2 0.3H2O to Ca5(PO4)3(OH). The structure
seems to tolerate Ca/P ratio 1.5 to 1.67 provided a cer-
tain minimum amount of water of hydration or hydroxyl
groups are present. Posneret al. [22] first pointed out
that HTCP also has structure similar to that of HA.
Both HA and HTCP crystallize in the space group
P63/m and have similar lattice parameters. The cell pa-
rameters are given in the Table I. Two forms having
formula TCP 0.5H2O{3Ca3(PO4)2 0.5H2O} and TCP
2H2O{3Ca3(PO4)2 2H2O} have been reported [23].
The crystal structure of HA has been solved and refined
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TABLE I Latice parameters of calcium phosphates

Cell parameters Crystal structure JCPDF
S.G. nm and references card. no

Ca5(PO4)3(OH) P63/m a = .943,c = .688 Columnar alongc-axis 9–432
HA [23]
Ca3(PO4)2nH2O P63/m a = .946,c = .688 Similar to HA 18–303
HTCP [23]
α Ca3(PO4)2 P21/a a = 1.288,b = 2.728, Similar to HA 29–359
α TCP c = 1.522,β = 126◦12′ [26]
CaHPO42H2O I2/a a = 0.5812,b = 1.818, Sheets of CaPO4 11–293
DCPD c = 0.6239,β = 111◦25′ [27]
CaHPO4 P1 a = .69,b = .665,c = .70 Interconnected 9–80
DCPA α = 96◦21′, β = 103◦54′, chains of

γ = 88◦44′ -Ca-PO4- [28]

by X-ray diffraction and neutron diffraction techniques
[24, 25]. However single crystal structure data is not
available for HTCP.

The infrared spectra of HTCP and HA at atmospheric
pressure are shown in Figs 6 and 7. The close similarity
of the infrared spectra also suggests that both HA and
HTCP have similar crystal structures.

4. Results and discussion
4.1. Hydroxylapatite (HA) and hydrated

tricalcium phosphate (HTCP)
Ca3(PO4)2·1.1H2O

The structure of HA (S.G. P63/m) with a= 0.943,
c= 0.688 nm consists of columns of skewed 3 CaII -O
trigonal prisms around the 63 axis. A distinct feature
of the structure is that the PO4 tetrahedra do not share
the oxygen atoms among them and are held together by
the CaI atoms Fig. 4. The OH oxygen atoms belonging
to the OH group are situated with equal probability ei-
ther little above or below the plane of CaII atoms on the
63 axis. Only in stoichiometric HA all the O3 oxygen
atoms are either above or below the plane of CaII atoms
and the symmetry of the crystal is reduced in the new
space group. HA has an anisotropic structure having
columns of Ca atoms and PO4 units along thec axis.

The X-ray powder data indicates that HTCP has
structure similar to that of HA and the removal of OH
as inα Ca3(PO4)2 (Section 4.2) leads to monoclinic

Figure 4 A projection of the crystal structure of hydroxylapatite on the
(001) plane.

distortion of the cell. It seems that the water of hydra-
tion in HTCP {Ca3(PO4)2·nH2O} restores the hexag-
onal symmetry. In the crystal structure of HTCP, the
water molecules are probably on an average distributed
over the sites which are occupied by the OH atoms in
HA and there are Ca atom vacancies at the CaI sites.
The structure of HTCP bridges the structure between
HA andα TCP. Vaidyaet al. [9] have reported occur-
rence of a progressive irreversible c→a transition in HA
with increasing pressure. The complete amorphization
occurs above 10 GPa. It is seen (Fig. 5) that in HTCP
amorphization sets in at a lower pressure of about 2 GPa.

The infrared absorption frequencies and their assign-
ments for various calcium phosphates investigated in
crystalline state at 1 bar and in the pressure induced
amorphous phase are given in Table. II. The infrared
spectra of HA shown in Fig. 6 exhibits all the bands
which have been reported by Baddiel and Berry [16] and
Bertoluzzaet al.[17]. The PO4 ion in HA shows nine in-
ternal modes: symmetric stretch (ν1), a doubly degener-
ate symmetric bend (ν2), a triply degenerate asymmet-
ric stretch (ν3) and a triply degenerate asymmetric bend
(ν4). We have observed all the modes except the low ly-
ing ν2 mode at<350 cm−1. ν3 (F2) triply degenerate
PO4 stretch mode of phosphate occurs as a broad band
from 1120 to 980 cm−1 in the crystalline phase becomes
narrow in the amorphous phase. The PO4 symmetric
stretch (ν1) at 959 cm−1, the O-P-O bending mode
ν4 (F2) from 605 to 550 cm−1 becomes weak but their
position remain unchanged at c→a transition. The over-
tone or combination band originating from the compo-
nents ofν2 andν4 appearing at 1193 cm−1 becomes very
weak in amorphous phase. The OH libration mode at
631 cm−1, which is a weak band, remains unchanged.

The oxygen of the O-H groups OH is located above or
below triangles of CaII atoms. The geometry is similar
to that found in Ca(OH)2. CaII -OH distance of 0.238
nm in HA is comparable to Ca-O distance 0.237 nm
in Ca(OH)2. OH-O bond distance is 0.0999 nm in HA
compared to 0.0984 nm in Ca(OH)2, 0.0971 nm in OH−
radical and 0.958 nm in water. Baddiel and Berry [16]
point out that rather small OH-O distance between OH
and nearer of phosphate oxygens of 0.3068 nm in HA
suggests the possibility of weak bonding.

In crystalline HA, due to hydrogen bonding the inter-
nal antisymmetric stretching of the OH ionνOH is ob-
served at 3561 cm−1. In Ca(OH)2, Mg(OH)2 and LiOH
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TABLE I I Observed vibrational frequencies and assignments of various calcium phosphates

HA HA HTCP HTCP α TCP α TCP DCPD DCPD DCPA DCPA
RP 10 GPa RP 2 GPa RP 10 GPa RP 10 GPa RP 10 GPa

ν1 PO4 959 959 961 959
ν3 F2 PO4 1120–980 1080-1000 1110–1020 1080–1000 1100–1000 1100–1020 1134, 1123 1134, 1123 1131, 1070 1131, 1070

1057 1057
ν4 F2 PO4 605–550 605–550 602, 571 602, 571 603, 551 603, 551 576, 527 576, 527 573, 563 573, 563

536 536
OPO, bend 417, 370 417, 370 404 404
νOH 631 631 633 633
Combination 1193 1200
νOH stretch 3561 3561, 3673 3567 3565, 3678 3538, 3485 3538, 3485
νOH stretch 3268, 3162 3268, 3162
νOH bend 1650 1650
PO-H stretch 2920 2920
P-O symmetric stretch 1002, 990 1002, 990 996 996
P-OH stretch 870 874 876 876 892 892
POH in plane 1208

HA: Hydroxylapatite, HTCP: Hydrated tricalcium phosphate,α TCP: α tricalcium phosphate, DCPD: Dicalcium phosphate dihydrate, DCPA:
Dicalcium phosphate anhydrous.

Figure 5 Effect of pressure on the XRD pattern of hydroxylapatite and of hydrated tricalcium phosphate at 1 bar and at high pressures.

which do not show hydrogen bonding, the stretching
mode is observed at 100–140 cm−1 higher values in-
stead. In amorphous HA, sharp peaks observed at 3561
and 3673 cm−1 indicate the existence of hydrogen
bonded as well as non-bonded water in this phase.

The infrared spectra of HTCP is very similar to that
of HA (Fig. 7). A wideν3 (F2) band occurs from 1110
to 1020 cm−1, ν1 at 961 cm−1 andν4 (F2) band at 602,
571 cm−1 and combination band is seen at 1200 cm−1.
As in case of HA theν3 modes show pronounced nar-
rowing at c→a transition. The OH libration mode oc-
curs at 633 cm−1 and it remains unchanged. As in HA
we observe antisymmetric stretching mode of OH at
3567 cm−1 in crystalline phase. In the amorphous phase
two bands corresponding to bonded and non bonded
water are observed at 3565 and 3678 cm−1, respec-
tively. In summary there is little that distinguishes the
XRD and infrared features of HA and HTCP both in
crystalline and amorphous phases. Only the pressure of
c→a transition drops to a small value∼2 GPa in the
case of HTCP.

Sakuntala and Arora [26] have shown that at high
pressures potash alum crystals having high initial orien-
tational disorder show c→a transformation while crys-
tals with low initial disorder do not. HTCP has a highly
disordered HA type structure. The structure has some
CaI atom vacancies and 1.1H2O molecules which are
probably distributed at random. The low amorphization
pressure can be due to a high degree disorder in HTCP.

4.2. α tricalcium phosphate (α TCP)
α TCP crystallises in monoclinic system (S.G. P21/a)
with a= 1.288, b= 2.728 andc= 1.5219 nms and
β = 126.2◦. Mathewet al. [27] have shown that this
structure is closely related to the structure of HA when
viewed along thec axis. In Fig. 8 is shown the outline
of the subcell to bring out the similarity with the hexag-
onal structure of HA. The Ca and PO4 ions are packed
into two kinds of columns along the [001] direction
with one column containing only the Ca atoms and the
other containing both the Ca atoms and PO4 tetrahedra
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Figure 6 Effect of pressure on the FTIR spectrum of hydroxylapatite
disc.

Figure 7 Effect of pressure on the FTIR spectrum of hydrated tricalcium
phosphate.

Figure 8 A projection of α Ca3(PO4)2 structure on the (001) plane.
Oxygen atoms of phosphate groups have been omitted. Dashed lines
outline the cell corresponding to the structure of hydroxylapatite.

just as in HA. However inα TCP some of the CaI sites
in the cation-anion columns are vacant.

The XRD pattern of the discs ofα TCP subjected
to various pressures are shown in Fig. 9. It is seen that
long range disorder (LRD) which is characterised by
increase in the X-ray background intensity at diffraction
angles 2θ <30◦ sets in at 2 GPa and it persists until
8 GPa. A maximum in the X-ray intensity at about 22◦
characteristic of amorphous phase is seen inα TCP
pressurised to 10.5 GPa. Thus the transformation seems
to be complete at about 10 GPa.

The infrared spectra ofα TCP in crystalline and
amorphous phases are shown in Fig. 10.α TCP shows
a simple infrared spectra because there are no wa-
ter or OH groups. Its spectra closely resembles that
of HA without the modes due to OH vibrations. It
shows a broad PO4 stretch modeν3 (F2) from 1100 to
1000 cm−1. As in HA this mode becomes quite narrow
in the amorphous phase. The PO4 symmetric stretchν1
is seen as a shoulder at 959 cm−1 at STP. This mode
merges with the PO4 band in the amorphous phase. The
OPO bendν4 (F2) at 603 and 551 cm−1 becomes weak
in the amorphous phase.

4.3. Dicalcium phosphate dihydrate (DCPD)
DCPD crystallises in monoclinic system (S.G.I2/a)
with a= 0.5812, b= 1.818 andc= 0.6239 nms and
β = 111◦25′ [28]. As shown in Fig. 11, the structure is
made up of corrugated sheets containing parallel chains
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Figure 9 XRD patterns ofαCa3(PO4)2 as a function of applied pressure.

of composition -PO4-Ca-PO4-Ca-. These corrugated
sheet repeat themselves at a distanceb/2= 0.579 nm
and are held together by water molecules which link a
Ca atom and an oxygen atom in one sheet to an oxygen
atom in the adjacent sheet. This structure has a close
resemblance to the structure of gypsum CaSO4·2H2O.

The XRD pattern of the discs of DCPD subjected to
various pressures are shown in Fig. 12. All principal
diffraction lines are seen at 2 GPa and a small increase
in the background intensity for 2θ <40◦ signals the
onset of long range disorder. The number and intensity
of the diffraction lines progressively decreases at 4.3
and 8.3 GPa, respectively, but the (020) line remains
strong in all the pressurised specimens. DCPD pres-
surised to 10.5 GPa shows distinct pattern characteristic
of an amorphous material. The (020) line which repre-
sents periodicity along theb axis is prominent even in
the highly amorphized material obtained at 10.5 GPa.
The evidence based on the XRD pattern suggests that
the crystal structure of DCPD collapses in the plane
of the corrugated sheets (ac plane) while it retains its
periodicity along theb axis in the original structure.

The infrared spectra of DCPD (Fig. 13) showed all
the bands reported by Casiani and Condrate [18]. The
bands were assigned following Casiani and Condrate.
DCPD contains two crystallographically distinct types

Figure 10 Effect of pressure on the FTIR spectrum ofα Ca3(PO4)2.

of water molecules having different absorption frequen-
cies. They are doublets and are observed at 3538, 3485
and 3268, 3162 cm−1 respectively. These correspond
to the stretching modes of water. The bending mode
of waterν2 is observed at 1650 cm−1. The band posi-
tion and intensity of these water bands do not change
on amorphization. This supports the contention that the
bonding provided by the water molecules between Ca
and PO4 sheets remains intact in the amorphous phase.
The PO-H stretching mode at (ν1) 2920 cm−1 (broad),
the P-O symmetric stretching (ν2) at 1002 (sh), 990 (s)
and the P-OH stretching frequency (ν3) at 876 cm−1

do not change significantly at c→a transition. Theν3
(F2) triply degenerate P-O stretch which gives a broad
band in HA andα TCP shows splitting. This is because
that each site group for the phosphate ion will split into
fundamentals possessing A′ and A′′-symmetry when
one applies factor group analysis. As a consequence,
we observe P-O stretch (ν6) at 1134 (s), 1123 (sh) and
1057 cm−1 (s). The position and intensity of these bands
is not much affected on amorphization. The in-plane-
bending mode POH (ν5) at 1208 cm−1 (weak sh) and
the OPO(H) triply degenerate bending mode (ν4 andν7)
appearing at 576 cm−1 also do not change. The OPO
symmetric bend (ν8) vibrations appearing at 417 and
370 cm−1 which are not seen in the crystalline phase
become intense in the amorphous phase. We find that
below 500 cm−1 the infrared spectra of HA at one bar
resembles that of DCPD at 10 GPa, while the infrared
spectra of HA at 10 GPa resembles that of DCPD at
1 GPa. This result seemed unusual and so we repeated
the experiments to confirm it.

4.4. Dicalcium phosphate anhydrous
(DCPA)

The DCPA crystallises in triclinic system (S.G. P1)
with a= 0.690,b= 0.665,c= 0.700 nm,α= 96◦21′,
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Figure 11 Projection of the structure of CaHPO4·2H2O on to a plane perpendicular to [101].

Figure 12 XRD patterns of CaHPO4·2H2O as a function of applied
pressure.

β = 103◦54′ andγ = 88◦44′ [29]. The structure con-
sists of double chains of -Ca-PO4-Ca- which extend
along thea axis (Fig. 14). These chains are bonded
transversely in theb direction forming a distorted sheet
of atoms roughly in (001) plane. The calcium coordi-
nation polyhedra are unsymmetrical and co-ordination

Figure 13 Effect of pressure on the FTIR spectrum of CaHPO4·2H2O.

ranges from 6 to 9. The hydrogen atom probably lies
between the oxygens of the neighboring PO4 groups.
This loosely packed structure consisting of a network
of PO4 tetrahedra which is held together by the Ca++
ions.

The XRD patterns of the discs of DCPA pressed to
various pressures are shown in Fig. 15. It is seen that at
2 GPa, the intensity of the several XRD lines become
weak and the background increases for 2θ <40◦. The
(020) line remains strong as the structure collapses nor-
mal to theb axis and becomes partially amorphous at
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Figure 14 A projection of the structure of CaHPO4 down thec axis.

Figure 15 XRD patterns of CaHPO4 as a function of applied pressure.

this pressure. The structure becomes fully amorphous
at about 4 GPa.

The FTIR spectra of DCPA (Fig. 16) resembles that
of DCPD which also has a low symmetry. The triply de-
generate P-O stretching mode with F2 symmetry (ν3)
are observed at 1131 and 1070 cm−1. The P-O sym-
metric stretch mode (ν1) is observed at 996 cm−1 and
the P-OH stretch at 892 cm−1. The asymmetric bend
modes (ν4) are seen at 573, 563 and 536 cm−1 and the
OPO symmetric bend mode at 404 cm−1. In this ma-
terial the position and intensity of all the vibrations do
not change significantly on amorphization. This is due
to the low symmetry of the crystal structure and low
site group symmetry of PO4 groups in DCPA.

Figure 16 Effect of pressure on the FTIR spectrum of CaHPO4.

5. Conclusions
In the loosely packed structures of these calcium phos-
phates, the PO4 groups neither share the corners nor
the edges but are held together by the cations and water
molecules present. At high pressures, the structures of
HTCP, HA andα TCP, which are made up of columns of
Ca-O and PO4 groups, collapse begins along the column
axis. Among these materials HA andα TCP amorphizes
at about 10 GPa, while HTCP has the lowest pressure
of amorphization∼2 GPa. It can be noted that although
the structure ofα TCP has Ca atom vacancies, its pres-
sure of amorphization (P2) is comparable to that of HA.
In the structure of HTCP, the Ca atom vacancies and
water molecules which are statistically distributed over
the allowed sites in the HA type structure, on the other
hand shows lowP2 viz., 2 GPa. High pressure studies on
potash alum has shown thatP2 is reduced substantially
when the concentration of defects is high. This does
not however seem to happen in case ofα TCP. All the
three materials show similar infrared spectra associated
with the PO4 group. The wide PO4 band exhibits pro-
nounced narrowing on transition to amorphous state.
In case of HA and HTCP in crystalline phase the water
is hydrogen bonded and the internal stretching mode
of OH is present at 3561 cm−1 and 3565 cm−1 respec-
tively in the crystalline phase. In amorphous phase we
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observe two sharp bands at 3561 and 3673 cm−1 in HA
and 3565 and 3678 cm−1 in HTCP due to the presence
of bonded as well as free water in this phase.

The crystal structures of DCPD and DCPA contain
sheets of composition -Ca-PO4-Ca-PO4-. At high pres-
sures these structures collapse in the plane of the sheet
as the transition from c→a takes place. The pressure
amorphized phase remains highly anisotropic at in-
termediate pressures. The pressure of c→a transition
is lower in DCPA compared to DCPD. Both DCPD
and DCPA have low symmetry and they show simi-
lar PO4 absorption bands. DCPA which has the lowest
symmetry does not show significant changes in the in-
frared spectra on amorphization. In DCPD, there are
additional bands due to two distinct types of water
molecules. The OH stretching modes do not change
at the c→a transition, but the OPO bend modes below
550 cm−1 show many changes. We found that below
550 cm−1 the infrared spectra of DCPD in amorphous
phase resembles that of HA in the crystalline phase and
conversely the spectra of DCPD in the crystalline phase
resembles that of HA in the amorphous phase.
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