
INTRODUCTION

Among different materials for medical use as im-
plants in dental, orthopaedic and bone surgery, glasses
and especially glass-ceramics based on the CaO–P2O5

system have become very important, because of their
bioactivity and biocompatibility [1,2] .

It has been reported earlier that calcium phosphate
glass-ceramics can be obtained conventionally by con-
trolled crystallisation of the parent glass or by the
simultaneous sintering and crystallisation of fine glass
powders [3]. However, most phosphate glasses do not
fulfil the criterion required for controlled crystallisation
due to their specific structure. Metaphosphate glasses
the structure of which consists of metaphosphate chains
or rings formed by Q2 groups, do not tend to phase sepa-
rate [4,5].

The structure of phosphate glasses can be modified
by introducing other metallic oxides that lead to
changes in crystallisation behaviour. By increasing the
content of modifying oxides, polyphosphate glasses
(invert phosphate glasses) with P2O5 < 50 mol.%, can be
obtained. These glasses tend to crystallise much more
rapidly due to their structure - very small molecular
structural groups (orthophosphate groups)  6 .

James et al. [7] have investigated the crystallisation
behaviour of the binary CaO–P2O5 system, and only the
surface crystallisation mechanism was observed. Wata-
nabe et al. [8] have shown that the addition of Al2O3 to
glass with a molar ratio of (CaO)/(P2O5) < 1 enables its

volume crystallisation. Tosic et al. have detected that
the addition of TiO2 and  Al2O3 to glass with the molar
ratio (CaO)/(P2O5) = 0.88 caused a change in the crys-
tallisation  mechanism from a surface to a volume one
[9]. Hosono et al. [10] registered volume crystallisation
by using TiO2 as an additive  in glass with a molar ratio
(CaO)/(P2O5) > 1. To promote the volume crystallisation
of the glasses with (CaO)/(P2O5) ≥ 1, Nan et al. [5] and
Reaney et al. [11] used TiO2 and Al2O3 as effective
nucleating agents. 

Depending on the (CaO)/(P2O5) ratio, different
crystalline phosphate phases can be precipitated in the
glass matrix during crystallisation. Mostly, one of the
polymorphic forms of the Ca2 P2 O7 phase (α, β, γ) could
be observed as the primary phase that crystallised [12].
The content and properties of each phase strongly
define the properties of the multiphase system obtained.
Glass ceramics containing calcium pyrophosphate (β -
Ca2 P2 O7) are  reported to be biocompatible [13].

Tosic et al. registered the presence of α - Ca2 P2 O7

as the primary phase and of β - Ca2 P2 O7 and VP2O7 as
secondary ones in surface - crystallised calcium phos-
phate glasses containing 5 to 13 mol.% vanadium oxide
[14]. As reported, the content of V2O5 strongly deter-
mined the content of β - Ca2 P2 O7 in the crystallised
glass. The aim of the current investigation was to study
in detail the crystallisation behaviour of an invert cal-
cium phosphate glass of the composition 49CaO·43P2O5·
·8V2O5 (mol.%). The experiments were performed on
bulk glass samples under isothermal conditions.
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The crystallisation behaviour of calcium phosphate glass containing vanadium oxide was studied. Glass with a molar ratio
of [CaO]/[P2O5] = 1.13 and a V2O5 content of 8 mol.% was prepared for the experiments. The crystallisation of bulk glass
samples was performed under isothermal conditions at T = 650-820°C. The surface crystallisation mechanism of studied
glass with dendritic growth of the primary α-Ca2P2O7 phase was observed. In all crystallised samples, β-Ca2P2O7 and VP2O7

appeared as the secondary phases. In the investigated temperature range, crystal growth rates 9 × 10-9 - 2.14 × 10-6 m/s were
determined. The temperature dependence of the crystal growth rate makes possible to calculate activation energy Ea = 407
± 30 kJ/mol of crystallization. The experimental data were compared with those estimated by using a theoretical model of the
crystal growth rate and good agreement between the results was found.



EXPERIMENTAL

Reagent grade CaO, V2O5 and an aqueous solution
of orthophosphoric acid (85 wt.% H3PO4) were used to
prepare the mixture for glass melting .The preparation
procedure involved: a) mixing and homogenisation of the
solid components, b) the addition of distilled water and a
solution of H3PO4 with constant mixing of the mixture,
c) drying of the suspension obtained in an electric fur-
nace at 200°C, d) pulverisation of the dried precipitate.

Glass melting was performed at T = 1200°C for
t = 60 min in an electric furnace using a Pt-crucible. The
melt was cast on a steel plate and cooled in air. The
molten sample solidified as homogenous black glass.
The powder samples for the experiments were prepared
by crushing and milling the compact glass in an agate
mortar and then sieving it to an appropriate grain size.
Bulk samples of the dimension of 1×1×1 cm, were pre-
pared by cutting a glass block with a diamond saw.

The chemical composition of the glass was deter-
mined by AAS and UV/VIS spectrometry. AAS
PERKIN ELMER 703 and PHILIPS UV/VIS 8610
spectrophotometer were used.

The crystallisation behavior of the glass under non-
isothermal conditions was analysed using a DTA-Netzch
STA 409 EP device with Al2O3 powder as the reference
material. Glass powder samples of 0.50-0.63 mm
(100 mg) were heated at a rate of v = 2-20°C/min up to
1100°C. 

The glass transition temperature (Tg) and dilatomet-
ric softeting temperature (Tom) were determined using a
Bähr Geratebau GmbH, Tip 8025 dilatometer in accor-
dance with ISO 7884-8 [15].

Isothermal crystallisation experiments on compact
glass samples were performed in an electric furnace
with automatic regulation and a temperature accuracy of
± 2°C. The samples were heated at crystallisation tem-
peratures in the range Tc = 650-820°C for different
times tc = 20-6000 min and then subjected to X-ray
powder diffraction (XRD) and scanning electron
microscopy (SEM).

The phase composition of the crystallised samples
was analused by the XRD method using a Philips PW-
1710 automated diffractometer with a Cu Kα radiation
tube operating at 40 kV and 32 mA. Data were collect-
ed from 5 to 70° 2θ, with step size of 0.02° and a count-
ing time of 1s per step. The quantitative amounts of the
crystalline phases in the glass sample were determined
using the full structure matching mode of the Rietveld
refinement technique [16], using the FULLPROF pro-
gramme [17].

Selected compact samples were chosen for investi-
gation of the microstructure by SEM analyses (Jeol JSM
840 A). The samples were gold sputtered in Jeol JFC
1100 ion sputter. Micrographs of the exterior and inte-
rior (fracture) surfaces of the crystallised samples were
recorded.

RESULTS AND DISCUSSION

Chemical composition of the glass

Table 1 shows the initial composition of the glass
and its chemical analysis.

It may be seen from Table 1 that a glass with the
ratio  (CaO)/(P2O5) = 1.13 was obtained. The low con-
tent of V2O5 (8.05 mol.%) enables this glass to be con-
sidered as a binary glass. The vanadium ion can exist  in
different valence states in glasses, so it may be attrib-
uted the role of modifier or network former [18].
Regarding its low content in this glass, the role of modi-
fier chosen for this ion as well as for the Ca2+ ion.
In this case the glass was treated as a binary glass
0.57MeO·0.43P2O5 [(MeO) = (CaO) + (V2O5)] having
the ratio (O)/(P) = 3.165. Consequently, this glass
belongs to polyphosphate glasses, the structure of which
consists of phosphate chains containing Q2 tetrahedra
(two bridging oxygen atoms) and terminated Q1 tetra-
hedra (one bridging oxygen atom). For binary glasses
xMeO·(1 - x)P2O5 with the molar fraction x of 0.5 < x <
< 0.67 , the fraction of Q1 and Q2 tetrahedra are given as
f (Q1) = (2x - 1)/(1 - x) and f (Q2) = (2 - 3x)/(1 - x) and
the average tetrahedron chain length (Lav) is given as
Lav = 2(1 - x)/(2x - 1) [6]. Accor-dingly, f (Q1) = 0.326,
f (Q2) = 0.674 and Lav = 6.14 were calculated for this
glass.

Regarding the values obtained, it may be conclud-
ed that the structure of this glass consists of phosphate
chains containing six tetrahedra, where four of them
contain two bridging oxygens, and two terminal tetra-
hedra with one bridging oxygen. The modifier ions are
placed in the cavities between tangled phosphate chains. 

Non- isothermal crystallisation

The DTA curves were recorded at different heating
rates of 2-20°C/min. Three notable features of such
DTA curves are: (i) an endothermic shoulder correspon-
ding to the glass transition temperature, Tg, (ii) one exo
peak in the temperature range of 670-723°C represent-
ing the crystallization of glass and (iii) one broad
endothermic peak in the range of 870-928°C, indicating
the melting of crystals, as the liquidus temperature Tl is
approached. The DTA curves recorded at heating rates
of v = 5 and 10°C/min are presented in Figure 1. The sig-
nificant peak temperatures are summarized in Table 2.

The dilatometric curve is presented in Figure 2. A
glass transition temperature of Tg = 540°C and dilato-
metric softening temperature of Tom = 572°C were deter-
mined.
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Table 1.  Composition of the glass.

oxides CaO P2O5 V2O5 (CaO)/(P2O5)
(mol %)

initial 49 43 8 1.14
analysed 48.86 43.09 8.05 1.13



Isothermal crystallisation of the bulk glass
Bulk glass samples, isothermally heated in the tem-

perature range of T = 650-820°C for different times
tc = 20-6000 min, were subjected to XRD analysis.
The diffraction pattern of the glass sample heated at
T = 650°C for tc = 100 h was shown that three crys-
talline phases were formed in the glass matrix during
crystallisation: α-Ca2P2O7 [19], β-Ca2P2O7 (JCPDS
33-0297) and VP2O7 (JCPDS 44-0066). α-Ca2P2O7 was
formed as the primary phase, followed by β-Ca2P2O7

and VP2O7 as secondary ones. A Rietveld profile
matching mode fitting plot of this sample is presented in
Figure 3, while the results of the fitting are shown in
Table 3. These phases appeared in all the glass samples
isothermally treated at different temperatures and times.

SEM analysis

The evolution of microstructure of selected bulk
glass samples, crystallised under the conditions present-
ed above, was investigated by scanning the glass sur-
faces. Some characteristic micrographs are shown in
Figures 4, 5 and 6. 

The SEM micrograph (Figure 4) of the interior
(fracture) surface of a fully crystallised glass sample at
T = 650°C for t = 60 h shows a needle-like crystal struc-
ture. The surface crystallisation mechanism of the glass
studied is clearly seen in the micrograph, Figure 5. As
may be seen, the crystallised layer is formed by crystal
growth on the faceted crystal-melt boundaries inward
from the external surface of the glass sample annealed
at T = 650°C for t = 5 h. A typical directional crystal
growth (dendritic morphology) is obvious in Figure 6.

Crystal growth kinetics

The SEM data were used to calculate the crystal
growth rate. Accordingly, the crystal layer thickness
was measured for each temperature and time of crys-
tallisation.

The time dependence of the crystal layer thickness
at selected temperatures T = 650 and 700°C is shown
in Figure 7. A linear relation between the crystal layer
thickness and the growth time was obtained. The slopes
of the lines define the growth rate of the crystallised
layer at denoted temperatures. The temperature depend-
ence of the growth rate of the crystallised layer is pre-
sented in Figure 8, which revealed that up to Tc =
750°C, the growth rate of the crystal layer was slightly
changed. An abrupt change of the growth rate was
noticeable in the temperature range Tc = 750-820°C.
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Figure 1.  DTA curves recorded at 5 and 10°C/min for a sample
particle size of 0.5-0.63 mm.

Figure 2.  Dilatometric curve of the glass.
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Table 2.  The significant temperatures determined by DTA.

Run Tg (°C) Tp (°C) Tl (°C)
DTA,v = 5°C/min 539 683 890
DTA,v = 10°C/min 540 690 892

Table 3.  The most important crystallographic parameters for crystalline phases, obtained from Rietveld refinement of XRD pat-
tern.

Unit cell parameters Reliability factors Quantitative
Phase a (A) b (A) c (A) β (°) RB(%) RF(%) volume fraction

(%)

α-Ca2P2O7 12.637(2) 8.527(1) 5.3105(8) 90.17(1) 12.1 6.30 52.59
β-Ca2P2O7 6.688(2) 6.688(2) 24.146(4) 90 12.8 8.52 27.23
VP2O7 10.982(2) 10.982(2) 4.2790(7) 90 11.4 8.17 20.18
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Figure 7.  Crystal layer thickness vs. growth time at selected
temperatures.

Figure 8.  The experimental (uexp.)  and calculated (ucal.) curves
of the crystal growth rate.

Figure 5.  SEM micrograph of a glass sample annealed at T =
650°C for t = 5 h.

Figure 6.  SEM micrograph of a glass sample annealed at T =
650°C for t = 10 h.

Figure 4.  SEM micrograph of a glass sample annealed at T =
650°C for t = 60 h.

Figure 3.  Rietveld refinement plot of a glass sample annealed
at T = 650°C for t = 100 h.
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As reported earlier, the molar entropy of fusion of
Ca2P2O7 crystals is ΔSm = 62.015 J /mol K [20]. Using
the Jackson criterion, ΔSm > 4R, the most closely packed
interface planes should be smooth on an atomic scale,
so that the screw dislocation growth mechanism of α-
Ca2P2O7 can be considered. Accordingly, the crystal
growth rate can be presented using an equation of the
form [21]:

u = K (ΔT)2(1-ε) exp (-Ea/RT ) (2)

where u is the crystal growth rate; 0 < ε < 1 and the
parameters ε,  K and Ea are independent of T, and ΔT =
= Tl - T, where Tl is the liquidus temperature.

The growth rate data (Figure 8), and the liquidus
temperature (Tl ), previously estimated from the DTA
curve, can be fitted by the least-squares method to
Equation (2) in the form:

ln [u/(ΔT)2(1-ε)]= ln K - Ea/RT (3)

The activation energy of crystal growth Ea was cal-
culated from the slope of the line obtained by plotting
ln [u/(ΔT)2] vs. 1/T (ε = 0) .

To compare the experimental results with theoreti-
cal considerations, the curve of the crystal growth rate
was calculated by using an equation of the form [22]:

u = fvγ [1 - exp - ΔG/RT] (4)

where f is the fraction of preferred growth sites; v - the
frequency factor for transport at the crystal-liquid inter-
face; γ - the distance advanced by the interface (usually
taken as the molecular diameter ); ΔG - the thermody-
namic force for crystallisation, i.e the difference
between the free energies of the undercooled melt and
the crystalline phase per mol, T - the absolute tempera-
ture, R - the universal molar gas constant.

Parameter f was calculated using the equation:

f = ΔT/2π Tm = (1 - Tr) / 2π (5)

where ΔT = Tm - T (undercooling);  Tr ≡ T/Tm; Tm - mel-
ting temperature

The value of   may be expressed as:

v = v0 exp (-ΔGD/RT) (6)

where v0 is the vibrational frequency of the growth con-
trolling atoms; ΔGD - the activation free energy for dif-
fusion across the interface.

Taking that the molecular mobility necessary for
crystal growth is similar to the transport of molecules in
the bulk melt, the Stokes - Einstein relation between the
effective coefficient of diffusion and the viscosity can
be used. Accordingly, ΔGD ≅ ΔGη = ΔHη - T ΔSη, where
ΔGη is the activation free energy for viscous flow. This
relation enables the estimation of v by using the visco-
sity data. The viscosity of glass melts can be well
described by the empirical Vogel-Fulcher-Tamann equa-
tion (VFT):

log η = A + B / (T - T0) (7)

where A, B and T0 are empirical parameters. This equa-
tion corresponds to the temperature dependence of the
activation energy of viscous flow in the form:

η = η0 exp (ΔGη /RT) (8)

where: 

η0 = kT/l3 v0 (9)

When taking Equations (7-9), Equation (6) can be
expressed as:

v = kT/l3 10A · exp [- 2.3 B / (T - T0)] (10)

where k is the Boltzman constant; l - the P–O bond
length.

Neglecting the difference of the specific heats of
the crystalline and liquid phases, by using the Turnbull
linear approximation for ΔG [23], ΔG/RT can be written
as:

ΔG/RT = ΔSr (1/Tr - 1); ΔSr = ΔSm/R (11)

The replacement of Equations (10) and (11) into
Equation (4) yields the following equation for the crys-
tal growth rate:

(12)

Equation (12) was used to calculate the crystal
growth rate u in the temperature range T = 620-900°C.
The parameters utilized for the calculation are present-
ed in Table 4.

The calculated curve of the crystal growth rate is
also presented in Figure 8. As can be seen in this figure,
the curves match at T < 700°C. For T > 700°C, a differ-
ence appeared between the experimental and calculated
curves. Such a discrepancy could be explained by
experimental error in the crystal growth rate determina-
tion. Moreover, the crystallisation experiments were
carried out at temperatures above Tom (the dilatometric
softening temperature), so that at T > 700°C the glass
sample dimensions changed markedly, which influen-
ced the measurement of the crystal layer thickness.
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Table 4.  Data used for the numerical calculation of crystal
growth rate u.

k = 1.38059 × 10-23 J/K A** = - 4.7969
l* = 1.58 × 10-10 m B** = 4321.7
λ = 5 × 10-10 m T0**= 558.9
Tl = 1163.16 K ΔSm = 62.015 J/mol K
* bond length bridging  P - O [24]
** log η = A + B / (T - To) fitted using temperatures Tg ,Tom and Tl

experimentaly determined by DTA and dilatometry.
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Based on all the growth rate data obtained, the acti-
vation energy for crystal growth Ea was determined
from the plot in Figure 9. The obtained values of Ea are
presented in Table 5.

The obtained values for Ea are in agreement with
the activation energy determined for the crystal growth
of β-Ca2P2O7 in calcium phosphate glass doped with
Al2O3 and TiO2 [25]. For this glass values of Ea = 452
± 17 kJ/mol and Ea = 421 ± 16 kJ/mol were determined
for isothermal and non - isothermal  crystallisation con-
ditions respectively. These results indicate, that the for-
mation of calcium phosphate crystalline phases governs
the whole process of crystallisation of calcium phos-
phate glass doped with V2O5.

CONCLUSIONS

The crystallisation behaviour of invert phosphate
glass with a molar ratio of (CaO)/(P2O5) = 1.13 and a
V2O5 content of 8 mol.% was studied. The surface crys-
tallisation mechanism of this glass was determined to be
dominant .

Three crystalline phases were formed during crys-
tallisation in the glass matrix, whereby α-Ca2P2O7 was
formed as the primary phase, followed by β-Ca2P2O7

and VP2O7 as secondary ones with the volume ratio esti-
mated as 52.59, 27.23 and 20.18 respectively. A den-

dritic morphology of the crystal growth of the primary
α-Ca2P2O7 phase on faceted crystal-melt boundaries was
observed. Accordingly, the model of the screw disloca-
tion mechanism of the growth of the α-Ca2P2O7 phase
was considered. The kinetic parameters of crystal
growth obtained from the experimental data are in good
agreement with those determined by the theoretical
model. Also, there was good agreement between the
experimental data of the glass studied and the results
previously obtained for the crystallisation of the
β-Ca2P2O7 phase in the calcium phosphate glass con-
taining Al2O3 and TiO2. 
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Figure 9.  The plot of ln [u/(ΔT)2] vs. 1/T.
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KRYSTALIZACE SKLA FOSFOREÈNANU VÁPENATÉHO
S OBSAHEM OXIDU VANADIÈITÉHO

VLADIMIR D. ŽIVANOVIC, MIHAJLO B. TOŠIÆ,
NIKOLA S. BLAGOJEVIÆ*, SNEŽANA R. GRUJIÆ*,

MIÆO M. MITROVIÆ**

Institute for the Technology of Nuclear
and Other Mineral Raw Materials,

86 Franchet d, Esperey, 11000 Belgrade, Serbia
*Faculty of Technology and Metallurgy,
4 Karnegijeva, 11000 Belgrade, Serbia

**Faculty of Physics,
12-16 Akademski Trg, 11000, Belgrade, Serbia

Zkoumalo se krystalizaèní chování skla fosforeènanu
vápenatého obsahujícího oxid vanadièitý. Pro experiment bylo
pøipraveno sklo s molárním pomìrem (CaO)/(P2O5) = 1,13 a
obsahem V2O5 8 mol.%. Krystalizace velkých vzorkù skla
probìhla za izotermických podmínek pøi T = 650-820°C. Byl
pozorován mechanismus povrchové krystalizace zkoumaného
skla se stromeèkovým rùstem primární fáze α-Ca2P2O7. Ve
všech zkrystalizovaných vzorcích se jako sekundární fáze
objevil β-Ca2P2O7 a VP2O7. Ve zkoumaném teplotním intervalu
byl zjištìn rùst krystalù o rychlosti 9 × 10-9 - 2,14 × 10-6 m/s.
Teplotní závislost na rychlost rùstu krystalù umožòuje vypoèí-
tat aktivaèní energii krystalizace Ea = 407 ± 30 kJ/mol. Experi-
mentální data byla porovnána s údaji vypoètenými podle teo-
retického modelu rychlosti krystalového rùstu a mezi výsledky
byla zjištìna vysoká úroveò shody.
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