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Study of the bioactivity of fluorophlogopite–whitlockite ceramics
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Abstract
Fluorophlogopite–whitlockite phase compositions containing ceramics were prepared using Egyptian raw materials. The in vitro studies

confirmed the bioactivity of the prepared mixtures. Finely divided HA layer was formed on the surface of the ceramic samples after immersion in

SBF. The morphology of finely divided HA grains was found to be needle-like crystalline aggregates. The contents of calcium cations measured in

SBF increased on the seventh day, compared with the first day of immersion which is attributed to dissolution. The values of phosphorous cations

were slightly reduced on the seventh day, compared with the first day of immersion that is attributed to the successive dissolution and precipitation.
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1. Introduction

The glass-ceramics based on the magnesium-aluminum

silicate (MAS) system is an important class of advanced

material with a wide range of applications. Mica glass-

ceramics, in particular the fluorophlogopite system, are of

technical interest due to their good machinability and reliable

mechanical properties [1,2]. Naturally occurring micas have

hydroxyl group in their structure, whereas synthetic micas

involve fluorine substituting the hydroxyl group partially or

completely in the structure. The effect of morphology and

crystallinity of synthetic micas on the machinability of the

glass-ceramics is also previously investigated [3,4].

The effect of the fluorine content and its source on the

crystallization sequence of mica glass-ceramics was studied

[5]. They identified the predominant crystalline phases

developed during fluorophlogopite crystallization as fluorite,

norbergite or fluorophlogopite depending on fluorine concen-

tration and heat treatment regime. The crystallization of glasses

in the system SiO2–Al2O3–MgO–K2O–Na2O–F2 results in the

growth of fluorophlogopite with controlled morphology.

Although the preparation of such technologically important

materials is extensively studied, their bioactivity characteristics
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are still indistinct and needs further study. The current paper

discusses the preparation and bioactivity of porcelains contain-

ing synthetic fluorophlogopite and Mg-rich whitlockite phases.

Two mixes will be prepared with different ratios of calcium

phosphate and fluorophlogopite in addition to the base

porcelain. In vitro study will be done by soaking the samples

in SBF solution for 1 and 7 days. SEM and IR will be used to

verify the compositions ability to form a surface bone-like

apatite layer and evaluate the bioactivity.

2. Experimental procedure

Egyptian pure talc and feldspar raw materials were used to

prepare fluorophlogopite mica porcelain. The fluorophlogopite

starting glass frit composition (F) was mixed together with

dicalcium phosphate (DCP) in different ratios. Two mixes (F1

and F2) were prepared through the addition of 50% and 75%

dicalcium phosphate to the starting fluorophlogopite glass frit,

respectively. The mixes were thoroughly milled and mixed in a

porcelain mill for 2 h to pass 75 mm sieve. The starting

compositions of the different mixes are shown in Table 1.

The thermal analysis of the milled powders was performed

via Setaram instrumentation; model Labsys TG-DSC 16 in

argon atmosphere and Al2O3 crucible up to 1150 8C.

Disc samples were prepared by pressing at 200 Mpa. The

pressed discs were calcined at 9508/1 h in an electric furnace at

a rate of 5 8C/min. The developed crystalline phases were
d.
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Table 1

Chemical composition of the different mixes

Oxides SiO2 Al2O3 MgO K2O MgF2 Na2O CaO B2O3 P2O5 LOI

F 52.17 11.66 6.23 7.23 10.00 1.05 1.66 10.00 0.00 0.00

F1 26.09 5.83 3.12 3.62 5.00 0.53 17.11 5.00 20.64 13.08

F2 13.04 2.92 1.56 1.81 2.50 0.26 24.84 2.50 30.96 19.62

Fig. 1. DSC of the powders of different studied mixes.
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identified using XRD analysis. Samples were first ground into

fine powders in an agate mortar and then scanned using Brucker

D8 Advance apparatus with Cu Ka and Ni filter in the range

between 2u = 48 and 708.
The bioactivity of the prepared samples was examined by in

vitro procedures [6]. SBF (electrolyte solution) was prepared by

dissolving reagent grade chemicals in distilled water with the

following order: NaCl, NaHCO3, KCl, K2HPO4, MgCl2�6H2O,

40 ml In-HCl, CaCl2, Na2SO4 and Tris-buffer solution (Sigma

Co.) while stirring.

After complete dissolution of the inorganic salts, pH was

adjusted to 7.4 at room temperature. The weight of samples to

SBF volume was kept constant. Samples were mounted

vertically in SBF solution for two immersion periods: 1 and

7 days. At the end of each soaking period, samples were taken

out of the solution and immersed for 5 min in 10 m1 of ion

exchanged distilled water to stop the reaction. Specimens were

then dried using ethanol at room temperature and their surfaces

were analyzed using FTIR reflection spectroscopy.

FTIR analysis was used to detect the formation of

hydroxyapatite on the surfaces of the specimens soaked in

SBF. The reflection angle was set at 758 using FTIR reflection

spectroscopy (Nicolet model 670, MA, USA).

SEM was used to study the microstructure and the variation

in morphology of the different specimens using apparatus type

Philips XL 30. Samples were coated with about 5 mm gold

layer prior to scanning.

3. Results and discussion

The results of DSC of F, F1 and F2 are shown in Fig. 1. The

endothermic peaks at 200 8C in F1 and F2 are related to the

release of adsorbed surface water in the added dicalcium

phosphate. The other endothermic peaks recorded at 425 8C in

F1 and F2 are attributed to the nucleation of whitlockite. The

glass transformation temperature is detected at about 400 8C.

The exothermic peaks at 520 and 525 8C are related to the

movement of fluorine ions in F1 and F2, respectively. The

exothermic peak occurring at 720 and 700 8C in F and F2 are

related to the crystallization of norbergite (Mg2SiO4 MgF2).

The exothermic peaks recorded at 935, 950 and 950 8C in F, F1

and F2, respectively are related to the crystallization of

fluorophlogopite. The exothermic peaks recorded at 900, and

940 8C in F1 and F2, respectively are related to the crystal-

lization of whitlockite.

The TG results of DCP, F1 and F2 show one step reaction.

The weight loss is related to the proportion of dicalcium

phosphate (DCP). The weight loss % is found 9.6, 15 and 19.5

in F1, F2 and DCP, respectively.
The phase analysis of the fluorophlogopite glass-ceramic (F)

was previously discussed [7]. Fluorophlogopite is the devel-

oped mineral phase together with appreciable amount of

forsterite as secondary mineral phase. The formation of

forsterite phase is controlled by the ratio of MgO + MgF2/

SiO2 during a subsequent prolonged exposure to heat treatment

[8,9]. Forsterite is no longer being formed with achieving the

optimum ratio of MgO + MgF2/SiO2.

The XRD patterns for F1 and F2 mixes in addition to the

XRD of dicalcium phosphate fired at 950 8C are shown in

Fig. 2. The mix F1 shows the development of fluorophlogopite

KMg3 (AlSi3O10)F2 and magnesium rich whitlockite

(Ca,Mg)3(PO4)2 phases. With increasing the content of



Fig. 2. XRD of different mixes fired at 950 8C/1 h. D: dicalcium phosphate; F: fluorophlogopite; W: whitlockite.

E.M. El-Meliegy, G.T. El-Bassyouni / Ceramics International 34 (2008) 1527–1532 1529
dicalcium phosphate in mix F2, the whitlockite increases and

the fluorophlogopite content decreases.

Bioactive ceramics are capable of initiating HA formation

during soaking in SBF. The formation of HA on the surface of the

implant is considered the key factor for creation of bone-bonding

and potential bone-forming ability [10,11]. In the present work,

in vitro studies were performed for the F, F1 and F2 samples.

The levels of calcium and inorganic phosphorus in SBF were

measured sequentially after the withdrawal of soaked samples.

The values of Ca2+ ions are found to increase in the case of all

samples (F, F1 and F2) in the seventh day compared with their

corresponding values in the first day of immersion. The results

indicate the dissolution (degradation) of Ca2+ ions from the

immersed samples. On the other hand, the values of

phosphorous ions in the seventh day of immersion are slightly

reduced compared with the first day of immersion. The results

indicate the successive deposition and precipitation of P-ions

on the surface of the soaked samples. The results are agreed by

those previously recorded [10,11]. The formation of an

amorphous calcium phosphate layer is favored on the top of

the soaked samples in the first day, while subsequent
crystallization to carbonated HA (C-HA) was favored in the

seventh day of immersion. The dissolution rates in vitro are

found directly proportional to the content of calcium phosphate

as previously recorded [12].

The surface changes analyzed using FTIR reflection spectra

are shown in Fig. 3. In case of F sample immersed for 1 day, the

peak at 450 cm�1 is ascribed to the Si–O–Si bending vibration,

while the peak at 926 cm�1 is attributed to Si–OH stretching

vibration [13]. The peaks located at 500–600 cm�1 are assigned

as P–O bending vibration mode in the [PO4] tetrahedral [14].

Ca–P amorphous layer was formed on the surface of the

immersed F sample [15]. The spectra showed band at

1277 cm�1, which is usually assigned to P–O bonds [16].

After increasing the soaking time up to 1 week, gradual

reduction in splitting of the major PO4 bands and their

corresponding intensities was observed. The result suggests the

formation of poorly crystallized Ca-phases [16].

The FTIR spectrum of F1 immersed for 1 day showed the

accumulation of dicalcium phosphate into the structure. A

strong band assigned for asymmetric stretching mode of PO4
3�

is recorded at 1260 cm�1, together with bands at 1048 and



Fig. 3. IR spectra of different samples soaked in SBF.
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1109 cm�1. Bands recorded in the range of 407–455 cm�1 are

assigned for the bending mode of PO4
3� [17].

The bands assigned for both stretching and bending mode of

(PO4)3� vibration confirm the presence of Ca-phosphate

structure. The splitting of bands in the range of 500–

600 cm�1 is assigned for (PO4)3� bending mode. The peak

at 631 cm�1 is ascribed to OH� band that clearly characterize

the HA formation in sample F1. After 1 week of immersion, F1

shows a gradual reduction in the splitting and intensities of the

(PO4)3� bands, which confirms coating with a thin layer of

calcium phosphate.

In case of F2 samples, all the characteristic bands of Ca–P

mentioned before are clearly detected in the first day of

immersion. As the immersion time increase, fine splitting of P–

O bending bands indicates formation of a finely crystallized HA

in the seventh day of immersion. The finely crystallized HA

layer was created favorably by heterogeneous precipitation
from the solution, when it became supersaturated [18,19]. This

finely divided layer disappears in F sample, while the above-

mentioned amorphous layer was formed instead [20].

The results of SEM for samples F1 and F2 soaked for

different times are shown in Figs. 4–7. In case of F1 immersed

for 7 days, SEM photographs show a coating layer on the

surface of the sample. The SEM of the F2 specimen portrays a

thick layer overlapping the substrate surface which becomes

more clear and detailed at higher magnification.

The formation of finely divided HA layer in both F1 and F2

soaked for different times was realized. The coating is

homogeneously covering the surface of the samples. The

morphology of HA particles is found to be uniform in shape and

size. The morphology of the HA layer is verified into separated

particles that coalesce together in case of F2, while the particles

are slightly verified in case of F1. This may be due to the

differential grain growth of deposited HA grains with different



Fig. 7. SEM of F2 soaked for 1 week in SBF.

Fig. 5. SEM of F2 soaked for 1 day in SBF.

Fig. 6. SEM of F1 soaked for 1 week in SBF.

Fig. 4. SEM of F1 soaked for 1 day in SBF.
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compositions. At higher magnification, the spherical particles

are made of numerous crystalline aggregates. The surface

morphology changes upon immersion and a layer of spherical

particles fully integrates into the structure causing aggregation

and difficulty of separation.

4. Conclusion

The fluorophlogopite is the sole crystalline phase of the base

glass-ceramic (F). After the addition of calcium phosphate in F1

and F2, Mg-rich whitlockite became predominant phase

together with fluorophlogopite phase. In vitro studies indicates

the formation of HA on the surface as a key factor for the

creation of bone-bonding and bone-forming ability. Finely

divided HA layer was formed in both F1 and F2 soaked for

different times. The morphology is found to be of uniform

spherical particles. The spherical particles are made of

numerous crystalline aggregates. The bands assigned for both

stretching and bending mode of vibration of (PO4)3� in IR

patterns confirm the presence of HA structure. The values of

Ca2+ions increases on the seventh day compared with first day

of immersion due to dissolution. The values of phosphorous

ions are slightly reduced on the seventh day compared with the

first day of immersion due to the successive dissolution and

precipitation.
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