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Naiana C. Bazanini • Celso A. Bertran

Received: 13 December 2013 / Accepted: 16 July 2014 / Published online: 23 July 2014

� Springer Science+Business Media New York 2014

Abstract Several research efforts have been made in the

attempt to reinforce calcium phosphate cements (CPCs)

with polymeric and carbon fibers. Due to their low com-

patibility with the cement matrix, results were not satis-

factory. In this context, calcium silicate fibers (CaSiO3)

may be an alternative material to overcome the main

drawback of reinforced CPCs since, despite of their good

mechanical properties, they may interact chemically with

the CPC matrix. In this work CaSiO3 fibers, with aspect

ratio of 9.6, were synthesized by a reactive molten salt

synthesis and used as reinforcement in apatite cement.

5 wt.% of reinforcement addition has increased the com-

pressive strength of the CPC by 250 % (from 14.5 to

50.4 MPa) without preventing the cement to set. Ca and Si

release in samples containing fibers could be explained by

CaSiO3 partial hydrolysis which leads to a quick increase

in Ca concentration and in silica gel precipitation. The

latter may be responsible for apatite precipitation in needle

like form during cement setting reaction. The material

developed presents potential properties to be employed in

bone repair treatment.

1 Introduction

Calcium phosphate cements (CPCs) have high biocom-

patibility with the human body due to its similarity to the

mineral part of bone. Therefore, they are excellent mate-

rials for repairing bone defects [1–9]. CPCs are composed

of a calcium phosphate powder and a liquid which mixture

leads to a moldable paste that has low-temperature setting

reaction [4, 5]. Once in contact with the liquid, the powder

component dissolves and a new compound precipitates;

apatite (Ca10(PO4)6(OH)2) or brushite (CaHPO4.H2O)

depending on the pH [6, 9]. Material hardens spontane-

ously in minutes due to crystal entanglement.

Despite their excellent biological properties, CPCs are

extremely brittle which restricts their use in small defects

on no load bearing locations [4, 6, 9]. Potential applications

of CPCs can be broaden by the addition of structural

reinforcements to the compound matrix as polymeric and

carbon fibers [6, 9–12]. Nevertheless, due to their low

compatibility with the cement matrix, the results were not

satisfactory. Buchanan et al. [12] added 1.5–10 wt.% of

polypropylene fibers to an a-TCP cement and obtained

compressive strengths ranging from 7 to 10.5 MPa, values

close to the lower limit of the trabecular bone

(1.5–45 MPa) [6].

Krüger and Groll [9] summarized the key factors for

fiber reinforced CPCs. Besides fiber aspect ratio, orienta-

tion, interface and fiber roughness; biocompatibility, bio-

activity and degradation rate are properties that are

underlining the development of new reinforced cements. In

fact, in order to promote bone tissue growth through the

implant it is crucial to employ degradable and bioactive

fibers. Bioceramic fibers and whiskers may completely fill

the key factors underlined by Kruger and Groll since they

have good interface compatibility with CPCs, could be
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synthesized with large aspect ratio (length to diameter

ratio, L/D) and have high strength modulus.

Müller et al. [13] employed hydroxypatite whiskers to

reinforce an apatite bone cement. It was observed that with

an addition of 30 % in volume of whiskers, the fracture

toughness increased about 57 %. However, with higher

quantities of reinforcement the material became more

fragile. In the same work, the influence of reinforcement

morphology was investigated. The authors added to the

bone cement matrix spherical hydroxyapatite particles in

sufficient quantity to achieve the same specific area when

30 % in volume of whiskers were added. It was verified

that the increase on fracture toughness was only of 15 %.

Thus, the enhancement of mechanical properties in com-

posite materials is related, mainly, to the geometrical

morphology and quantity of reinforcement [13].

Although bioceramic fibers and whiskers may have

paramount mechanical strength and interface compatibility

with CPCs, its synthesis is challenging. The methodologies

commonly employed like hydrothermal method [14],

decomposition of chelating agents [15] and microemul-

sions [16] are not feasible in large scale due to their

complexity and high costs of precursors. Moreover, this

processes usually lead to materials with low crystallinity,

low aspect ratio and, mainly, low purity leading to com-

posites with low biocompatibility and bioactivity [17].

On the other hand, molten salt synthesis (MSS) [18, 19],

which has been employed on the preparation of ceramic

fibers and whiskers used as catalyst supports, presents

simpler processes, lower costs, large scale production and

properties control. This method is a simple way to syn-

thesize ceramic fibers and whiskers by employing a mix-

ture of alkaline salts and the ceramic precursors, which are

heated until the formation of a flux. This flux gives the

ceramic particles the mobility and solubility needed to

promote whisker/fiber growth [20]. The morphology and

aspect ratio of the material is dependent of synthesis tem-

perature, alkaline flux composition and size distribution of

the ceramic precursors [18, 20–23]. Compared to conven-

tional ceramic solid state reaction, MSS is a better option

since it employs lower temperatures and guarantees parti-

cle size control [19, 24].

Therefore, calcium silicate in fibrous form have the

required properties to be added into CPCs, since it shows

high biocompatibility, bioactivity, resorbability and

strength modulus [6, 25, 26]. Hayashi et al. [18] synthe-

sized wollastonite whiskers by MSS using nanosized cal-

cium silicate, NaCl and KCl. They obtained aspect ratios

ranging from 7.1 to 21.7; and decreasing sizes of whiskers

with the increasing of the heating temperature. Moreover,

authors inferred that whisker growth only take place when

starting materials were very fine.

Our group has published a similar method for producing

calcium silicate fibers [22]. We employed a reactive MSS

where CaCO3 and fumed SiO2 were intimately mixed with

a NaCl/KCl flux and heated at 950 �C for different periods

of time. The results showed that the longer the dwell time

and the heating rate were, the more efficient the process

was (i.e. greater the aspect ratio and reaction yield). Further

studies were carried out and we were able to obtain CaSiO3

fibers with aspect ratio close to 10, with very homogeneous

morphology and crystalline phase purity [27].

Based on the statements above, this work aims to

develop an apatite bone cement reinforced by calcium

silicate (CaSiO3) fibers which may enhance the chemical

interaction between reinforcement and CPC matrix.

2 Materials and methods

2.1 Calcium silicate fibers

Calcium silicate (CaSiO3) fibers were synthesized by a

reactive molten salt method [22, 27] employing calcium

carbonate (CaCO3, Sigma-Aldrich) and electronic grade

silicon dioxide (fumed SiO2, Sigma-Aldrich) as precursors.

Reactants were intimately milled and mixed with a mortar

and pestle at stoichiometric proportion to form CaSiO3, as

described by Eq. (1).

CaCO3 þ SiO2 ! CaSiO3 þ CO2 ð1Þ

Alkaline flux was prepared by mixing, at 1:1 weight

ratio, NaCl (Synth, Brazil) and KCl (Synth, Brazil).

Afterwards, calcium silicate precursors were homogenized

with the alkaline flux at 1:6 weight ratio and then heated at

950 �C with a heating rate of 2 �C min-1 and dwell time of

12 h. After the heating treatment, samples were cooled

inertially inside the furnace and washed with deionized

water at 80 �C under vigorously stirring for 1 h. The

supernatant was changed and the process was repeated

until its conductivity was equal to the deionized water.

Finally, fibers were filtered and dried at 100 �C overnight.

2.2 CPC samples

CPC solid phase, a-TCP, was synthesized by solid state

reaction at 1,300 �C of a 2:1 molar ratio mixture of ‘‘Mg-

free’’ CaHPO4 and CaCO3 [8, 28] followed by ball milling

during 96 h (zirconia milling media of 10 and 15 mm of

diameter and ball/powder weight ratio of 10:1). The

resulting powder was analyzed by laser diffraction (CILAS

1190) and surface area analyzer (Quantachrome, NOVA

4200e) and presented a mean particle size of 4.93 lm, a

particle size distribution between 1.33 and 10 lm and a
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surface area of 4.7 m2 g-1. The liquid phase of the CPC

was a 2.5 % Na2HPO4 (Synth, Brazil) aqueous solution.

Cement samples were prepared by adding 0, 5 and

10 wt.% of CaSiO3 fibers to the a-TCP powder. Liquid-to-

powder ratio (L/P) was determined to each sample in order

to maintain cement paste moldability. Table 1 describes

cement samples nomenclature, fibers wt.% and L/P

employed.

Cement pastes were prepared by mixing by hand the

liquid and the powder during 1 min; then pastes were

molded into Teflon� molds of 6 9 12 mm. After 30 min of

being molded, samples were immersed in Ringer’s solution

during 7 days at 36.5 �C to complete the setting reaction.

Afterwards, samples were washed with distilled water and

dried in air overnight. Finally, the surface of the samples

was smoothen with an emery paper to make it flat and then

they were demolded.

2.3 Characterization

2.3.1 X-ray diffraction (XRD)

Crystalline phase analyses of a-TCP, calcium silicate fibers

and cement samples were carried out by means of X-ray

diffraction (XRD) (X’Pert Pro, PANalytical, X’Celerator,

CuKa, Ni filter, 10�–40� (2h), 0.02� s-1, 45 kV, 40 mA).

2.3.2 BET surface area

Fibers surface area was determined in a surface area ana-

lyser (Quantachrome, NOVA 4200e).

2.3.3 Compressive strength

At least six specimens of each cement formulation (A0, A5

and A10 W) were mechanically tested in a universal test-

ing machine (EMIC DL20000, tesc version 3.04, 10kN

cell) with a crosshead speed of 0.5 mm min-1.

2.3.4 Scanning electron microscopy (SEM)

Fibers were dispersed in isopropyl alcohol, sonicated for

30 min and a tiny drop was left to dry on the sample-holder

surface. Fibers’ morphology and aspect ratio and the sur-

face of fracture of the cements samples were analyzed by

scanning electron microscopy (FEI Inspect 5S). Samples

were coated with Au–Pd (Bal-Tec MCS010).

2.3.5 Ionic release

Calcium, phosphorus and silicon release of fibers and

cements were evaluated in triplicate during different peri-

ods of time (3, 6, 12, 24, 48 and 168 h). Samples were

immersed in a 0.05 mol L-1 HNO3/tris buffer solution

(pH = 7.4) at 36.5 �C with a sample weight (g) and buffer

volume (mL) ratio of 1:100. Cement pastes were prepared

with the same composition described in item 2.2 and buffer

was added only after 30 min of mixing to ensure cement’s

cohesion.

After each period of time, 3.00 mL of the solution in

contact with the samples was collected in a syringe and

filtered with a 0.45 lm filter to remove all the solid

material that could influence on the determination of ionic

concentration. Afterwards, the resulting liquid was diluted

in a 0.05 mol L-1 HNO3 solution and ionic concentration

was measured by ICP-OES (Pelkin Elkmer, Optima

3000DV).

2.3.6 Statistics

One-way analysis of variances (ANOVA) has been per-

formed on Minitab� release 14.1 to compare differences

between the mean values of samples’ compressive strength

using a confidence level of 95 %. Tukey’s comparison post

hoc test was performed to assess differences in each pair of

means.

Normality and equal variances tests were conducted

prior to ANOVA to guarantee that data followed Normal

distribution and presented homoscedasticity.

3 Results

The method proposed was efficient in obtaining calcium

silicate fibers with aspect ratio (L/D) of 9.6 as seen in SEM

micrograph of Fig. 1. The crystalline phase of calcium

silicate formed during the synthesis was parawollastonite

(JCPDS 43-1460) as displayed on XRD pattern of Fig. 2.

No evidence of precursors or alkaline flux was identified.

Fibers BET surface area was 4.7 m2 g-1.

Fibers did not prevent cement setting reaction as in all

formulations a-TCP was converted into apatite after 7 days

of setting, as seen on XRD patterns of Fig. 2. Nevertheless,

apatite morphology was influenced by the presence of the

fibers since for samples A5W and A10W apatite has pre-

cipitated in needle like form while in sample A0W apatite

crystals were in plate like form (Fig. 3). Moreover, for

samples containing fibers it is possible to verify the

Table 1 CPC samples nomenclature, composition and setting times

Nomenclature Fibers (wt.%) L/P (mL g-1)

A0W 0 0.40

A5W 5 0.42

A10W 10 0.44
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presence of the fibers that is indicated by the white arrows

in SEM micrographs of Fig. 3.

Compressive strength (Fig. 4) has increased by 250 %

(from 14.5 to 50.4 MPa) when fiber addition was 5 wt.%.

By increasing reinforcement to 10 wt.% mechanical

resistance started to decrease, but still higher when com-

pared to the sample with no fiber addition (32.3 MPa).

ANOVA results revealed a p value \ 0.05. Tukey’s com-

parison test yield to significant difference between the

compressive strength of samples.

Samples’ Ca, P and Si release as a function of time is

reported in Fig. 5. For calcium silicate fibers Ca and Si

concentration after 168 h reached 675 and 18 mg L-1,

respectively. P concentration for all cement samples pre-

sented a similar behavior, reaching a maximum value

around 24 h and then decreasing during the rest of the assay.

Nevertheless, fibers has influenced on cements’ Ca release

since as higher the calcium silicate content smaller is the

decrease in Ca concentration after 24 h. For instance, for

sample A10W Ca concentration increased continuously

without reaching a maximum during the period analyzed.

Fig. 2 XRD patterns of as-prepared CaSiO3 fibers, a-TCP and

cements samples. Legend W—CaSiO3, a—a-TCP and A—apatite

Fig. 3 SEM micrographs of surface of fracture of cement samples. White arrows indicate the presence of the fibers

Fig. 1 SEM micrographs of CaSiO3 fibers. Reactive molten salt

synthesis led to fibers with aspect ratio of 9.6
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4 Discussion

Needle-like and crystalline calcium silicate fibers were

obtained by a simple reactive MSS. The growth of the fibers

was preferred in [-3 2 0] direction since in Fig. 2 the relative

intensities of the XRD lines present a small deviation when

compared to JCPDS pattern (43-1460), i.e. other diffraction

lines, besides [-3 2 0], present lower relative intensity in the

XRD pattern of the as synthesized fibers when compared to

JCPDS pattern. Moreover, MSS allowed calcium silicate

formation at lower temperatures. We achieved 100 % of

reaction yield at 950 �C while other researchers report that

calcium silicate with high crystalline phase purity is only

obtained after heat treatment at 1,400 �C [29].

The method proposed in this work presents advantages when

compared to the one once published by Hayashi et al. [18].
Fig. 4 Compressive strength of samples. Fibers addition increased

samples’ compressive strength (ANOVA, p \ 0.05)

Fig. 5 Ca, P and Si release of wollastonite fibers, A0W, A5W and A10W

J Mater Sci: Mater Med (2014) 25:2357–2363 2361
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We obtained a similar average aspect ratio using a lower

powder to alkaline flux ratio (1:6 against 1:40) and a lower

dwell time (12 h against 24 h). Moreover it was not necessary

to control cooling rate.

Cement setting reaction took place as expected once all

a-TCP was converted into apatite even with 10 wt.% of

fiber reinforcement as can be observed in all XRD patterns

from Fig. 2. For sample A10W calcium silicate was iden-

tified in XRD pattern (Fig. 2) confirming that reinforce-

ment did not take part on cement setting reaction and did

not lead to the formation of any other crystalline phase.

As observed in Fig. 4, increment of compressive

strength presents a maximum value (increase of 250 %)

when 5 wt.% of fibers was added into CPC matrix and

decreases when 10 wt.% is added (increase of 123 %).

These values reaches the upper limit of trabecular bone

(45 MPa) [6]. Some works report the reinforcement of a-

TCP cement by adding polypropylene [12] and Nylon 66

[30] fibers and compressive strengths ranging from 7 to

10.5 MPa and 8.5 to 12.5 MPa were obtained, respectively.

Those values are very close to the lower limit of trabecular

bone (1.5 MPa) [6].

In this work, besides reinforcing the CPC matrix by

presenting great strength modulus, CaSiO3 fibers seem to

have influenced on the morphology of apatite crystals that

have precipitated during cement setting reaction. Indeed, in

SEM micrographs of Fig. 3, apatite crystals are smaller and

present a more homogeneous needle-like morphology in

samples in which reinforcement was added. This promotes

a more efficient crystal entanglement leading to an increase

in mechanical resistance.

Furthermore, the partial calcium silicate fibers hydro-

lysis (Eq. 2) was responsible for Ca and Si concentration

increase during ionic release experiment. As observed in

Fig. 5, for all periods of time, fibers and reinforced samples

presented higher values of calcium concentration when

compared to no reinforced cement.

CaSiO3 þ 2Hþ þ H2O� Ca2þ þ H4SiO4 ð2Þ

As reported by Rimstidt and Dove [31], calcium silicate

hydrolysis is fast, leading to a quick increase in Ca and Si

concentration. Nevertheless, as part of the silicic acid

(H4SiO4) formed reacts to form silica gel (SiO2, Eq. (3)), Si

content after 168 h is not as high as Ca concentration.

H4SiO4 � SiO2 þ 2H2O ð3Þ

Silica gel (or silica-rich layer) induces apatite precipi-

tation on the surface of bioglasses and related biomaterials

by incorporating Ca and P from the interface environment

[32–34]. The well accepted mechanism for biomineraliza-

tion, proposed by Hench [35], demonstrates the ability of

silica gel to stimulates the nucleation and growth of small

apatite crystals with needle like morphology. The same

morphology was observed in samples A5W and A10W

after cement was kept in Ringer’s solution to set. There-

fore, fibers have probably induced apatite precipitation in

needle like form due to calcium silicate hydrolysis [31, 33].

5 Conclusion

It was possible to reinforce an apatite cement by adding

5 wt.% of calcium silicate fibers. Fibers were obtained by a

reactive MSS with an aspect ratio of 9.6. Compressive

strength has increased by 250 % and reinforcement presence

did not prevent cement setting reaction. Ca and Si release in

samples A5W and A10W could be explained by CaSiO3

hydrolysis that leads to a quick increase in Ca concentration

and in silica gel precipitation. The latter may be responsible

for apatite precipitation in needle like form during cement

setting reaction. The material developed present potential

properties to be employed in bone repair treatment.

Acknowledgments The authors would like to thank The São Paulo

Research Foundation (FAPESP) for the financial support (Processes

numbers 2011/09240-9 and 2012/07556-1) and Dr. João Paulo Barros

Machado from the Laboratory of Sensors and Materials (LAS) of the

National Institute of Space Research (INPE) for kindly providing the

XRD analysis.

References

1. Brown WE, Chow LC. A new calcium phosphate setting cement.

J Dent Res. 1983;62(1 suppl):606-693.

2. LeGeros RZ. Calcium phosphates in oral biology and medicine.

1st ed. New York: Karger; 1991. p. 201.

3. Bohner M. Calcium orthophosphates in medicine: from ceramics

to calcium phosphate cements. Injury. 2000;31(4):D37–47.

4. Dorozhkin SV. Calcium orthophosphate cements and concretes.

Materials (Basel). 2009;2:221–91.

5. Ginebra MP, Espanol M, Montufar EB, Perez RA, Mestres G.

New processing approaches in calcium phosphate cements and

their applications in regenerative medicine. Acta Biomater.

2010;6:2863–73.

6. Canal C, Ginebra MP. Fibre-reinforced calcium phosphate

cements: a review. J Mech Behav Biomed Mater. 2011;4:

1658–71.

7. Motisuke M, Carrodeguas RG, de Zavaglia CAC. Si-tricalcium

phosphate cement: preparation, characterization and bioactivity

in SBF. Mater Res. 2011;14:493–8.

8. Motisuke M, Carrodeguas RG, de Zavaglia CAC. Si-TCP syn-

thesized from ‘‘Mg-free’’ reagents employed as calcium phos-

phate cement. Mater Res. 2012;15:568–72.
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