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Abstract

Calcium phosphate cements (CPCs) are highly promising for clinical uses due to their in situ-setting ability, excellent osteoconductivity and
bone-replacement capability. However, the low strength limits their uses to non-load-bearing applications. In the present research, first, bioactive
glass fibers (BGFs) in the ternary SiO,—CaO-P,0Os system were prepared, and then the fiber composites with compositions based on CPC and BGFs
were prepared and characterized. Then, the effect of structure and amount of BGF incorporation into the CPC system, and the effect of mechanical
compaction on the fiber-modified system were investigated. The results showed that the compressive strength of the set cements without any BGFs
was 0.635 MPa which was optimally increased to 3.69 MPa by applying 15% BGF and then decreased by further addition of it. In addition, both the
work-of-fracture and elastic modulus of the cement were considerably increased after applying the fibers in the cement composition. Also, the
setting time slightly decreased by applying the fibers. In summary, processing parameters were tailored to achieve optimum mechanical properties
and strength. The prepared composite may be useful in surgical sites that are not freely accessible by open surgery or when using minimally

invasive techniques.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The development of CPCs has led to the production of a new
class of ceramic grafting biomaterials which are mouldable and
set at physiological conditions and therefore find application in
non-load-bearing indications in craniofacial surgery [1], as well
as in dental applications such as endodontics [2] and the repair
of periodontal bone defects [3].

CPCs are also highly promising for wide clinical uses due to
their self-setting ability, excellent osteoconductivity, and
capability to be replaced with new bone. The first CPC was
developed in 1986 [4], and it consisted of tetracalcium
phosphate (TTCP, Ca4(PO4),0O) and dicalcium phosphate
anhydrous (DCPA, CaHPQ,) [4]. Since then, different kinds
of CPCs with different compositions have been developed and
characterized [5—12]. The CPC paste can intimately adapt to
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neighboring bone even for irregularly shaped cavities, and then
harden in situ to form hydroxyapatite (HAp) [13—15]. Since the
HAp from CPCs is formed in an aqueous environment at 37 °C,
it is more similar to biological apatites than sintered HAp
formed at high temperatures [15]. Therefore, CPC is highly
bioactive, biocompatible and osteoconductive, and can be
replaced by new bone [13—-15]. As a result, CPC was approved
in 1996 by the Food and Drug Administration for repairing
craniofacial defects in humans, thus becoming the first CPC
available for clinical use [14]. However, the low strength and
susceptibility to catastrophic fracture have limited CPCs to only
non-load-bearing bone repairs [13—15]. It is important to note
that, the use of CPCs was “‘limited to the reconstruction of non-
stress-bearing bone”” [13], and unfortunately their main
restriction is poor mechanical properties, so their applications
are just restricted to non-loading sites. Because of the
mentioned disadvantages, during the past decade, many efforts
have been made to improve this deficiency. For instance, Xu
and Ouinn [16] used 25 vol.% of a resorbable polymer with
diameter of 322 wm in a cement matrix. They observed that the
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work-of-fracture and flexural resistance of cement were
respectively increased 100 and 3 times greater than for un-
reinforced cements. In another study [17], the mechanical
strength of bone cement was increased by entering
poly(lactic-co-glycolic acid) (PLGA) microparticles in the
matrix of a CPC. In this research, which was done by Link
et al. [17], the composite was tested under a mechanical test
(push-out) after implantation in a rat cranial defect over
4 and 8 weeks. The obtained results showed that the strength
of the composite was increased significantly compared
to the cement without microparticles. Fabrication of an
injectable poly(propylene fumarate)/b-tricalcium phosphate
paste composite was one of the next attempts to improve
the mechanical properties of cement using its cross-linking
characteristics [18]. Moreover, in another research, Dos
Santos et al. [19] was reported the reinforcement of CPCs
incorporated with polyamide fibers up to 1.6%, and fibers
had a little effect on compressive strength. Another report
showed that polyglactin knitted mesh on the tensile
surface of CPC increased the work-of-fracture value by
nearly 100 times [20]. Xu and Simon reported the use
of resorbable polyglactin fibers to initially improve the
flexural strength of their cement and following degradation
result in the formation of macroporosity [21]. Also, Pan et al.
[22] investigated the effect of chitosan fibers combined
with gelatin on a CPC. It was shown that tensile strength
of chitosan fiber composite was increased by 106 and 114%
with the impregnation of gelatin at mass fractions of 5
and 10%. The optimal flexural strength enhancement was
obtained when CPCs was reinforced with fibers at a
volume fraction of 30% and a gelatin at mass fraction of
5% [22].

Among all kinds of materials as the second phase for
preparing fiber composites, there is an increasing interest in the
use of bioactive glass as a good choice for bone repair [23,24].
This material has a widely recognized ability to foster the
growth of bone cells [25,26], and to bond strongly with hard and
soft tissue [27]. Upon implantation, BGFs undergo specific
reactions, leading to the formation of HAp layers, on their
surfaces, which is strongly responsible for their strong bonding
with surrounding tissue [28]. A sol-gel derived BGF with at
least 60 mol% SiO; can develop HAp layers in a short period of
time during the direct contact with a physiological solutions
like simulated body fluid (SBF), whereas melt-glass with less
than 55 mol% SiO, requires several days to form a polycrystal-
line hydroxy carbonate apatite (HCA) layer [28]. This high
reactivity of sol-gel derived glasses is related to a larger volume
fraction of nanometer porosity on surface, larger concentration
of silanols on the surface [29] and higher surface area [30,31]
than those of melt-derived glasses. All of these mentioned
advantages encouraged us to apply sol—gel derived BGFs in the
CPC matrix to create an optimally reinforced composite with
appropriate mechanical properties.

Accordingly, the objective of the present research was to
develop a mechanically strong CPC based composite rein-
forced with BGFs, and to investigate the effects of fiber
contents on the setting time and mechanical properties. The

hypothesis to be tested was the BGF volume fraction would
significantly affect the setting time and mechanical properties
along with excellent biocompatibility.

2. Materials and methods
2.1. Materials

For the synthesis of BGFs, tetraethylorthosilicate (TEOS:
CgH,,0,4Si) (No. 8006581000), calcium nitrate (Ca(NOj3),-
4H,0) (No. 22384298), triethyl phosphate (TEP: CcH;50,4P)
(No. 8211411000) and 0.1 M hydrochloric acid (HCl) were
purchased from Merck Inc.

Also, dicalcium phosphate dehydrate (DCPD) (No. 2144),
calcium carbonate (CaCOj3) (No. 2069) and disodium hydrogen
phosphate (Na,HPO,) (No. 6586) were purchased from Merck
Inc. to prepare the cement phase.

2.2. Preparation of BGFs

The sol-gel derived BGFs were prepared according to the
following procedure. In short, TEOS was added to a water—
ethanol solution (pH = 1.5, adjusted with HCI) at a molar ratio
of 2:1 for water/TEOS and 4:1 for ethanol/TEOS. The mixture
was stirred for 1 h at room temperature. The TEP was added to
the silica sol, which was stirred for another 1 h. Calcium nitrate
was then introduced to the sol and the mixture was stirred for an
additional hour. The resultant sol was stirred at 50 rpm by
concentrating the sol through solvent removal at 20 °C. The
condensation process was terminated when the viscosity of the
solution was sufficient for fiber pulling (until viscosities near 4—
5 Pas were achieved). The fiber-shaped gel was produced by
extruding the viscous gel through a thin syringe with needle’s
inside diameter of 0.01 mm. Fibers were then dried for 24 h at
70 °C. Finally, they were heated to 700 °C at an approximate
rate of 3 K min~ ' and sintered and stabilized at 700 °C for 24 h.

2.3. Preparation of CPC

First, TTCP powder was synthesized by a combination of
1 mole of DCPD and 1 mole of CaCOj3 after milling for 2 h.
Then, it was heated to 1500 °C (in an alumina crucible) at an
approximate rate of 7 K min~' and maintained for 5 h at the
same temperature. After that, it was extracted immediately,
cooled at a medium temperature and ground in a planetary mill
to an average particle size of 12 wm (Fritsch particle sizer
analysette 22). A mixture of DCPD (average particle size of
6 pm) and TTCP, in a molar ratio of 1:1, was used as the solid
phase of the cement. The liquid phase was a solution of 6 wt%
Na,HPO,. The cement paste was made by mixing the powder to
the liquid phase at powder to liquid ratio of 3 g/ml.

2.4. Preparation of CPC/BGF composites
To prepare CPC/BGF composites, the obtained BGFs were

mixed with the cement powder at various weight ratios of 5, 15
and 25% (based on the whole weight of the powder and liquid)
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and then the liquid phase was added to the mixture to obtain a
paste. Note that the weight of the glassy fibers was not
considered in the powder-to-liquid (P/L) calculations.

2.5. Sample characterization

2.5.1. DSC and TGA analyses

The DSC and TGA curves were obtained in a Shimadzu
DSC-50 and a Shimadzu TGA-50 apparatuses, respectively,
under a nitrogen atmosphere that starting from room
temperature up to 1000 °C with the heating rate of 5 °C/min.

2.5.2. XRD analysis

The compositions of sample were analyzed by XRD with
Philips PW3710 diffractometer. This instrument works with
voltage and current settings of 40 kV and 30 mA, respectively
and uses Cu-Ka radiation (1.540600 A). For qualitative
analysis, XRD diagrams were recorded in the interval
10° <26 < 50° at scan speed of 2°/min being the step size
0.02° and the step time 1 s.

2.5.3. SEM analysis

The morphology and microstructure of the synthesized
samples were evaluated using SEM. The samples were coated
with a thin layer of gold (Au) by sputtering (EMITECH K450X,
England) and then the morphology of them were observed on a
SEM (Seron Technology, AIS-2100) that operated at the
acceleration voltage of 30 kV.

2.5.4. EDX analysis

Energy dispersive X-ray analyzer (EDX, Rontec, Germany)
directly connected to SEM was used to investigate semi-
quantitatively chemical compositions.

2.5.5. FTIR analysis

The samples were examined by FTIR with Bomem MB 100
spectrometer. For IR analysis, in first 1 mg of the scraped
samples were carefully mixed with 300 mg of KBr (infrared
grade) and pelletized under vacuum. Then, the pellets were
analyzed at the scan speed of 23 Scan/min with 4 cm ™'
resolution.

2.5.6. Setting time

The setting time of cements was measured in accordance
with the ASTM C266-89 standard method using a Gillmore
needle test with a needle weight of 113.4 g and tip diameter of
2.13 mm. In the test method, the paste was considered to set
when the needle could not form a visual print onto the surfaces
of the sample.

2.5.7. Mechanical behavior

The mechanical behavior of prepared composites was
investigated by conducting compressive strength test. The
cylindrical specimens were formed in Teflon mould (6 mm in
diameter and 12 mm in height), and the thickness was measured
by an electric digital caliper. Then, specimens stored in an
incubator (100% humidity and 37 °C) for 24h and the

compressive strengths of the wet samples were measured by
a Zwick/Roell Universal Testing Machine apparatus with a
crosshead speed of 1 mm/min. The following equations were
used for the calculation of E (Young’s modulus) (1) and o
(ultimate compressive stress) (2):

KL
g="T 0
o=t ®)

where F is the ultimate load; K is the stiffness; L is the length of
sample; A is the average of surface area calculated from the
following Eq. (3):

=T @ ) 3)
where d; and d, are the diameters of the bases of the cylindrical
samples. The K value is calculated by the slope of the load—
displacement curve at the fracture point. The work-of-fracture
(energy absorbed by the sample before the fracture) was
obtained from the area under the load—displacement curve
normalized by the specimen’s cross-sectional area.

A

2.6. Statistical analysis

All the experiments were performed in fifth replicate. The
results were given as means =+ standard error (SE). Statistical
analysis was performed by using One-way ANOVA and Tukey
test with significance reported when P < 0.05. Also, for
investigation of group normalizing, Kolmogorov—Smirnov test
was used.

3. Results and discussions
3.1. Thermal analyses of the prepared BGF

The DSC and TGA analyses of the BGFs were carried out to
obtain the right sintering temperature which is shown in Fig. 1.

The first endothermic peak, which initiated at 110 °C,
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Fig. 1. The DSC and TGA analyses of the prepared BGFs.
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corresponds to the release of physically adsorbed water that was
not removed during drying. The TGA trace showed that all
water and by-products from the polycondensation reaction
were removed between 85 °C and 150 °C (17% weight loss).
Two other endothermic peaks, starting at 390 °C, corresponds
to the pyrolysis reaction of free organic species and/or the
release of the resulting water from the further condensation of
silanol and P-OH groups and the removal of nitrate groups that
are usually removed in the thermal stabilization process [32].
The removal of species at these temperatures is reflected in the
weight loss trace from TGA. All nitrates were removed by
530 °C (a further 27% of the total weight loss), so the total
weight loss was 44%. Finally, the exothermic peak around
970 °C is attributed to the crystallization process of CaSiO3 (3-
wollastonite) and cristobalite (SiO,) [32], which has been found
to form at higher temperatures in similar glasses [33,34]. Also,
a small endothermic DSC peak centralized at about 990 °C
implies that the material was fully crystalline at above 1000 °C.
No significant weight loss was observed above 700 °C, also
these curves confirmed that the residuals could be removed
before 700 °C, thus this temperature is appropriate for a fully
stabilization of the structure. It is important to point out that the
obtained thermal results for the prepared BGF is the same as the
results reported by Mozafari et al. [35] who worked on the
synthesis and characterization of bioactive glass nanopowder
with this compositional structure, which shows the accuracy of
the test. Subsequently, the prepared sample was treated at
700 °C during 24 h for stabilization. Thereupon, the XRD
pattern of the prepared BGFs after stabilization did not contain
diffraction maxima, indicative of the internal disorder and the
glassy nature of the BGF which is shown in Fig. 2(a).

3.2. XRD analysis

The phase purity and phase structure of the synthesized
BGF, the CPC (unreinforced cement) and the CPC/BGF

Intensity (a.u.)

10 15 20 25 30 35 40 45 50
2 Theta (degree)

Fig. 2. The XRD patterns of (a) the prepared BGFs, (b) the CPC (unreinforced
cement) and (c) the CPC/BGF composite with 15% BGF.

composite with 15% BGF were characterized by XRD which
are shown in Fig. 2. In the BGF pattern, the sample almost takes
amorphous state which indicates the internal disorder and
glassy nature of these materials. It is worth mentioning that the
BGF sample does not show any crystalline states [35].

For both unreinforced CPC and CPC/BGF samples a
considerable amount of the reactant phase in the cement
composition is observed. The apatite phase is also observed in
the compositions (apatite is the product of the setting reaction).
It is seen that the BGFs never prevent the conversion of reactant
materials (TTCP and DCPD) to apatite phase.

According to the previous explanations, the setting
mechanisms of CPCs are so complicated that have not been
identified completely but there are some hypotheses about
setting phenomena. The main reason for the setting process of
CPCs is the precipitation of different phases such as brushite,
apatite or octacalcium phosphate in the cement paste [36].
Herein, brushite and TTCP can also be seen in the XRD
patterns. It is also notable that, the patterns of former
composites by other researchers were very similar to that of
presented here too.

3.3. SEM observations and EDX analysis

SEM is a powerful tool for observing the morphology and
size of different samples. Herein, after the reaction was stopped
at a specific time in each sample, the surfaces of the samples
was gold sputtered, and then observed by SEM. Fig. 3(a) shows
a typical SEM micrograph of a BGF produced by extruding the
gel composition. This figure indicated that the diameter of the
synthesized BGF is less than 20 wm. In addition, EDX analysis
as an effective method to investigate semi-quantitatively
chemical compositions was used. Fig. 3(b) shows the EDX
spectra of the BGF. The EDX spectrum shows the peaks of Si, P,
Ca, and O which are the main components of the prepared BGF.
It is also notable that the presence of gold (Au) on the surface of
BGF was only related to the sputtering before SEM analysis.

Fig. 4(a) and (b) shows the high and low magnifications of
the prepared composite containing 15% BGF, respectively, to
confirm that the BGFs were incorporated into the CPC matrix.

Fig. 3. The typical SEM micrograph of (a) BGF and (b) the EDX spectra of the
BGF.
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Fig. 4. The low and high magnifications of the prepared composite containing 15% BGF (a) and (b), respectively.

Some dispersed particles of the glass phase (which is probably
due to crushing of the BGFs) are also observed.

3.4. FTIR analysis

Fig. 5 shows the FTIR absorbance spectra of different
scraped material surfaces. The FTIR spectrum of fiber-free
CPC sample showed some significant peaks. The existence of
P-O stretching band at around 600 and 1000 cm ™" indicated the
presence of calcium phosphate contents. Similarly, the peak
assignments for other wavenumbers are as follows: band
around 3419, hydroxyl stretch; 1613, hydroxyl vs; 883,
carbonate v,; 1430 and 1600, carbonate vs3; 1016, phosphate
v3; 660, 630 and 580, phosphate v4 [37].

The FTIR spectrum of the BGF exhibited five infrared bands
located at around: 600, 800, 922, 1066 and 1250 cm ™. These
bands, those positioned at 800, 922, 1120 and 1218 cm ! are
related to the silicate network and respectively ascribed to the
Si—O symmetric stretching of bridging oxygen atoms between
tetrahedrons, Si—O stretching of non-bridging oxygen atoms,
Si—O-Si symmetric stretching, and the Si—~O-Si asymmetric
stretching. The bands located at around 600 cm ™ are attributed
to the asymmetric vibration of PO437 [38—40]. The band at
1000 cm ™" arises from vz PO4 and the bond at 603 arises from
v4 PO, [41]. Also, some carbonate content was observed around
870 and 1645 cm_l, which are indications for the presence of
carbonate groups due to incubation in incubator at 37 °C and
relative humidity of 100% in CO, atmosphere for 24 h. These
related carbonate bands can also be seen for all samples. Two
bonds were also observed for all the composite samples at
around 3500 and 620 cm™' due to the stretching mode of
hydrogen-bonded OH™ ions and liberational mode of hydro-
gen-bonded OH ™ ions, respectively [42].

Composite-25% BGF
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£
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E
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4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Fig. 5. The FTIR absorbance spectra of different samples.

3.5. Setting time

The powder and the liquid components were mixed together
with L/P ratio of 0.33 ml g~ '. Next, the cement paste was cast
into steel dies, and setting time measurements performed by
Gilmore needle. According to the results given in Fig. 6, the
initial setting time of the fiber-free CPC (control) was about
20 min, which was not significantly different that of the
composite with 5% BGFs. In contrast, the setting time of
composites with 15% and 25% BGFs were lower than the
control sample. The setting mechanism of CPC is based on
acidic and basic reactions. This process is so complicated which
has not been identified completely but there are some
hypotheses about the setting phenomena of these cements.
The main reason for the setting process of CPCs is the
precipitation of different phases such as brushite, apatite or
octacalcium phosphate in the cement paste [36]. In apatitic
CPCs, the presence of the initial crystals of apatite is due to the
dissolution of TTCP particles and their hydrolysis to
stoichiometric hydroxyl apatite as follows (4):

Ca4 (PO4)2 + H20 — Calo(PO4)6(OH)2 + Ca(OH)z (4)

In addition, the growth of apatite crystals is because of the
acidic-basic reaction which is shown below (5) [36]:

3Cay (PO4>20 + 6CaHPO,4 — 2Ca, (HPO4)(PO4)5OH + H,O
)

There are different parameters which affect the setting time
of CPCs and consequently increase their strength, including the

25

20

15

10

Setting time (min)

0 5 10 15 20 25
% BGF in composite samples

Fig. 6. The initial setting time of different samples.
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Fig. 7. The load displacement curves of the prepared CPC sample and the
composites containing 5, 15 and 25% BGFs.

composition of material used in the liquid/solid phase, the
powder-to-liquid ratio and particle size of the reactants [43].
Herein, the higher powder-to-liquid ratio of the BGF-contain-
ing CPCs (especially higher concentrations of BGFs) suggested
that it is the main reason for decreasing the initial setting time of
the composites.

3.6. Mechanical properties

Fiber-reinforced composites have very high strength to
weight and stiffness to weight ratios. On the other hand, they
show excellent durability and corrosion resistance, good fatigue
behavior and dimensional stability. Fibers can be in continuous
or discontinuous forms. This investigation focused on randomly
distributed, discontinuous BGF reinforced CPC composites.
One significant difference between the properties of random
discontinuous fiber composites and those of unidirectional
continuous fiber reinforced composites is that the mechanical
properties of the former reaches a maximum as the fiber volume
fraction increases and then start to decrease. For the latter, the
mechanical properties increase with the fiber volume fraction
[44]. The fiber volume fraction at which the highest mechanical
properties are achieved is of great interest for the random fiber
composites. This optimal fiber volume fraction varies for
different types of composites [45].

Fig. 7 shows the load displacement curves of the prepared
CPC sample and the composites containing 5, 15 and 25%
BGFs. The areas below the curves are a measure of the fracture
(the energy required to fracture the specimen, obtained from the
area under the load—displacement curve normalized by the
specimen’s cross-sectional area). According to this figure, it is
worth mentioning that the fracture energy for the reinforced
cement containing 15% BGFs was significantly higher than the
control sample (un-reinforced CPC).

Herein, the compressive strength, Young’s modulus and
work-of-fracture properties of the composites reinforced with
different amount of BGFs were also compared to the control
sample which is shown in Fig. 8. The compressive strength,
Young’s modulus and work-of-fracture values of the compo-
sites containing 5 and 15% BGFs were considerably higher than

4
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Fig. 8. The mechanical properties of composites, (a) compressive strength, (b)
Young’s modulus and (c) work-of-fracture values.

that of the un-reinforced cement while the values of the
composite containing 25% BGFs were significantly lower than
that of 5% BGFs. It can be also observed that applying the
larger amounts of admixture not only increased the mechanical
properties of CPC but also act as defect sites in the cement’s
microstructure and caused decreasing of mechanical char-
acteristics of the samples. It is important to point out the
mechanical properties of the composite samples is generally
higher than the un-reinforced cement (control sample).

Basically, as a fundamental rule, unlike unidirectional fiber-
reinforced composites whose mechanical properties show a
continuous increase with an increase in fiber volume fraction,
the modulus and strength of the random fiber composites
increase with fiber volume fraction up to a certain maximum
value and then start to decrease.

Mechanical properties of fiber composites are affected by
their microstructures. Fig. 9 shows a SEM micrograph of the
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Fig. 9. The SEM micrograph of the fractured composite sample containing
25% BGF after compression test.

fracture composite BGF after
compression test.

One reason for the decrease in mechanical properties at high
fiber volume fraction shown in Fig. 8 is the interactions
between the BGFs. Since the BGFs in the prepared composites
have a random distribution, interactions between the BGFs are
inevitable. When the BGFs volume fraction is low, they play the
role of reinforcement. This is why below a certain fiber volume
fraction, the compressive strength, Young’s modulus and work-
of-fracture of the composite increase with increasing. As the
BGF volume fraction becomes higher, there will be more
interaction between the BGFs (which has been shown in Fig. 9
with white arrows), which may lead to voids and poor bonding
between the BGFs and the composites. Hence, the mechanical
properties start to decrease as fiber volume fraction increases
above a critical value.

According to Hesaraki et al. [46], the mechanical strength of
CPCs also highly depends on the particle size distribution of the
powder. In addition, the crystallinity degree of the formed
apatite crystals affects this property so that decreasing the
crystallite size causes more entanglement and density in the
crystalline structure, and thus the strength will increase.

In this research, the prepared CPC with a known reactant
particle size was used. The mechanisms which caused
increasing the work-of-fracture and prevent flaw growth by
adding BGFs have been suggested as follows:

sample containing 25%

» the BGFs bridge the cracks to resist their further opening and
propagation;

» multiple cracking of the matrix consume the applied work in
creating new surfaces;

= frictional sliding and stretching of the BGFs during pullout
prevent flaw growth [47,48].

Factors such as the type and shape of the fibers can also
affect the work-of-fracture and strength of ceramic composites
reinforced by fibers. This means that factor(s) which cause(s)
an increase composite strength would have positive effects on
the work-of-fracture.

4. Conclusion

In conclusion, the experiments provide data to support the
use of the CPC/BGF composite in bone repair applications. One
of the main objectives of this study was to find the BGF volume
fraction at which the BGF/CPC composites have the highest
mechanical properties. Here, a CPC with improved mechanical
properties was prepared by incorporating sol-gel derived
BGFs. The optimum amount of fibers which successfully
improved the compressive strength, modulus and toughness of
the CPC was 15 wt% based on the total weight of the cement
powder and liquid. It is also obvious that the applying CPC/
BGF composite is notable from different points of view
including improved mechanical properties, biocompatibility
and bioactivity.
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