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Abstract

Compared to cortical bone and polymeric bone cements, the mechanical properties of calcium phosphate
cements are generally poor. This has resulted in them being used in non-load bearing clinical applications. The aim of
this study was to investigate the possibility of producing a brushite cement with mechanical properties closer to those
of cortical bone (i.e., >100 MPa in compression), i.e. with a potential to be used in load bearing applications. With a
compressive strength of 74.4 (+ 10.7) MPa, maximum at 91.8 MPa, the cement presented herein is comparable with
the non degradable polymeric counterparts and the strongest hydroxyapatite cements, and is close in strength of
cortical bone. Furthermore, it has a high injectability (>90%) and a setting time of approximately 17 minutes. A cement
comprising these properties has great potential of changing the future clinical indications for calcium phosphate
cements, and could potentially reduce the use of non-degradable polymeric cements.
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Introduction

Due to a rapidly aging population, the use of implants is increasing.
An increasing number of implants are also expected to remain
and function within the host for longer periods of time. The risk of
complication due to implant failure increase with implantation time,
and thus resorbable material options (where appropriate) represent
an important challenge. Materials that are injectable, can carry a load,
slowly resorb over time, and allow for bone in-growth represent a
significant development compared to the current biomaterial options.
Both polymers and ceramics have been evaluated for this purpose. It
is however difficult to find suitable polymer chemistry that also fulfills
demands on biocompatibility and degradability. Calcium phosphate
cements (CPCs), which are highly biocompatible, represent a good
starting point, but are limited by their low strength and ductility. At
present the interest in CPCs is high, and there are many products
available on the market [1]. However, the main use of CPCs is as non-
load bearing bone void fillers where the experienced stresses are limited
(e.g., craniofacial applications [2,3]) or where they can be used together
with external fixation (e.g., orthopedic applications [4]). Depending
on the pH during CPC setting reaction (acidic, or neutral to basic),
two main phases are found as the precipitated end product; brushite
(acidic) or hydroxyapatite (HA, neutral to basic). Optimization of the
strength of CPCs have been performed by a few groups, with results in
compression of around 80-100 MPa for HA cements [5,6], and about
50 MPa for brushite cements [7]. It has furthermore been shown that
the strength can be even higher if a load is applied during molding of
the paste [6]. The results achieved for HA cements is in the vicinity of
the strength of cortical bone, which reaches around 100 MPa or higher
in compression [8]. Although HA is similar to the mineral phase of
bone (ion substituted calcium deficient hydroxyapatite), brushite is a
metastable phase with a higher solubility at neutral pH [9]. Brushite
cements have also been shown to have a high biodegradability, both in
vitro and in vivo [10,11] compared to HA cements, which show little or
no resorption over long periods of time [10].

The starting materials for brushite cements is normally beta-
tri-calcium phosphate (B-TCP) mixed either with monocalcium
phosphate monohydrate (MCPM) [12] or phosphoric acid [13]. The
starting powders are all stable at room temperature, and are therefore

cheaper to produce than the metastable phases used as starting powders
for HA cements.

Improving the strength of a ceramic material, a cement in particular,
can be made by different routs; e.g., decreasing the porosity, decreasing
the crystal size, adding a filler material with good mechanical properties,
and optimizing particle sizes of the precursor powders. Reduced
porosity can be achieved in a few ways; by decreasing the liquid-to-
powder ratio (L/P) [5,7,14], by reducing the amount of air incorporated
into the cement during mixing, or by compaction of the paste during
molding [6]. Increased strength by decreasing the particle size [13,15-
18] can be achieved by incorporation of additives, such as citric acid or
different pyrophosphates, which reduce the rate of grain growth and
promote the formation of many small crystals [19]. Optimization of
the particle size of the precursor powders has been seen to highly affect
the mechanical strength of CPCs, both the HA [9] and brushite [7]
cements. It could be due to better compaction and lower porosity when
optimal ratios are used, and to the speed of dissolution that optimally
should be the same for all components, giving that the powder with
lower solubility should have smaller particles than the component
with the higher solubility [9]. From the correlation between strength
and porosity it has been hypothesized by Hofmann et al. [7] that the
maximum achievable strength in compression for brushite cements is
around 83 MPa.

In this study we present compressive strengths above the
previously reported values for the degradable brushite cements. For
clinically relevant brushite cement with highest strength possible,
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minimizing the L/P was deemed more feasible than employing external
compaction. Furthermore, we chose to use a Cap-Vibrator for the
mixing, and used what we believe is a good particle size ratio between
B-TCP and MCPM, to achieve a good powder compaction together
with an optimal dissolution speed. The MCPM to 3-TCP ratio and the
additives used were chosen with regard to previous publication [14].
The cement presented herein has been thoroughly analyzed with regard
of mechanical and physiological properties.

Materials and Methods

Cement preparation

MCPM (Scharlau, CA0211005P, batch 12371601, Spain) sieved to
<75 um, and B-TCP (Sigma-Aldrich, 21218, batch no. BCBH 6869V,
Germany, containing around 8-10 wt% beta-calcium pyrophosphate
(B-CPP)), as received, were mixed in a 45:55 molar ratio together with 1
wt% disodium dihydrogen pyrophosphate (SPP, Sigma-Aldrich, 71501,
batch no. 1103557, Germany). Citric acid (0.5 M (aq)) was used as the
liquid phase in an L/P of 0.22 ml/g. In order to reduce the porosity by
reducing the amount of air trapped inside the paste during mixing, the
mixing was performed twice for thirty seconds in 50 mL falcon tubes,
using a Cap-Vibrator (Ivoclar Vivadent, Liechtenstein).

The cement paste was transferred to rubber molds and was allowed
to set for five minutes in room temperature (22°C + 1°C) before being
immersed in phosphate buffered saline (PBS, Sigma-Aldrich, 0.01 M
phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium
chloride, pH 7.4) or water in sealed plastic containers. The containers
were stored at 37°C for 24 hours after which the samples were removed
from the molds and prepared for respective analysis.

Mechanical testing

Rubber molds with @ 6 mm and height 13 mm were used to
prepare samples for compressive strength (CS) measurements. After
storage in 40 ml of PBS the samples were polished using 800 grit SiC
paper to make the sides flat and parallel and achieve a height of 12 mm
according to ASTM F451 standard [20]. Diametral tensile strength
(DTS) samples were made in rubber moulds of @ 8 mm and height 3
mm, with six samples cured together in 80 ml of PBS. Wet CS and DTS
were measured using a universal testing machine (Shimadzu, AGS-X,
Japan), with a cross-head speed of 1 mm/min. A thin plastic film was
placed between the sample and the cross-head in order to reduce the
effect of surface defects from molding and polishing.

Setting time

The cement paste was molded in Teflon® rings, with @ 12.5 mm and
height 5 mm opened at both ends, and were immersed in 80 ml of 37°C
PBS five minutes after mixing. The surface of the cement was tested
every three minutes, and the cement was considered to have set when
a visible mark could not be seen on the sample after a 453.5 g Gillmore
needle with a tip diameter of 1.06 mm (equivalent to a stress of 5 MPa)
had been placed on the surface, according to ASTM C266 - 99 standard
[21].

Porosity

Volume of the samples (approximately © 6 mm and height 13 mm)
was measured using Archimedes principle on wet samples. Drying was
performed in vacuum at room temperature (22 = 1°C) for 24 h. The
dry samples were weighed and the apparent density was calculated.
The skeletal density was measured using helium pycnometry (AccuPyc
1340, Micromeritics, UK), 20 purges and 10 runs. The porosity was

calculated according to equation 1, where @ is the porosity in percent,
pa is the apparent density, and ps is the skeletal density.

@(%):(1—‘33}100 (1)

Ps
Microstructure

The microstructure of fractured surfaces was studied using
scanning electron microscopy (SEM, LEO 1550, Zeiss, Germany). The
samples were sputtered with a thin gold/palladium coating to avoid
charging during imaging.

pH

Samples with @ 6 mm and height 13 mm were stored in either 40
ml of PBS or 40 ml of water at 37°C for 24 h, after which the pH of the
solutions were measured using a pH/ion meter (S220 SevenCompact™,
Mettler Toledo, Switzerland).

X-ray diffraction

Samples from the porosity measurements were thoroughly ground.
The XRD analysis was performed using a D8 diffractometer (Bruker,
USA) in a theta-theta setup with Cu-K_ irradiation. Diffraction angles
(28) 5-60° were analyzed in steps of 0.02°with 1 second per step and a
rotation speed of 60 rpm. Rietveld refinement with BGMN software
(BGMN, Germany) was used to calculate the phase composition, with
the reported result being the mean of three measurements with the
relative error as 2.77 x standard deviation according to ASTM E177 -
13 [22]. The phases used for the refinement were; monetite from PDF
#04-009-3755 [23], brushite from PDF # 04-013-3344 [24], B-TCP from
PDF # 04-008-8714 [25], MCPM from PDF # 04-011-3010 [26] and
B-calcium pyrophosphate (3-CPP) from PDF # 04-009-3876 [27].

Injectability

The injectability was calculated using a method previously
described by Gbureck et al. [5]. The paste was transferred to a 3 mL
syringe with a barrel diameter of 8.55 mm and an outlet diameter
of 1.90 mm. The extrusion was made three minutes after the start of
mixing and a universal testing machine (Shimadzu AGS-X, Japan)
at a crosshead speed of 100 mm/min was used for the extrusion. A
maximum force of 100 N was allowed. The amount of cement extruded
from the syringe was weighed and the injectability (I) in percent was
calculated according to equation 2.

_ Massof pasteextruded from thesyringe

1(%) = 1100 (2)

Initial mass of pastein thesyringe

Results
The CS reached 74.4 (+ 10.7) MPa and the DTS 10.2 (+ 0.8) MPa,

Analysis Result Max No of samples

CS (MPa) 74.4 (10.7) 91.8 14
Youngs modulus (GPa) 2.8(0.2)

DTS (MPa) 10.2 (0.8) 11.9 13
Porosity (%) 13.4 (0.7) 8
Setting time (min) 16.8 (1.7) 6
pH (24 h in water) 4.28 (0.09) 4
pH (24 h in PBS) 6.54 (0.07) 8
Injectability (wt%) 92.2 (0.9) 3

Table 1: Results from the material characterization; standard deviations are
indicated within brackets.
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(Table 1). The corresponding porosity was about 13%. The highest
measured strength in compression was, however, as high as 91.8 MPa.
Young’s modulus measured in compressive loads was slightly below
3 GPa. The microstructure analysis show that there were many small
pores (approximately 25-50 pm in diameter) distributed evenly over the
sample surface (Figure 1). The grains were flake like, ranging between
100 nm - 1 pm in diameter and approximately 40 nm in thickness. The
cement showed a high injectability of >90 wt%, and no obvious filter
pressing during ejection was noted. The final setting time of the cement
was about 17 minutes, and the cement showed close to neutral pH levels
after 24 hours of storage in PBS. However, when stored in water, the
pH was around 4 after 24 hours of storage. The XRD analysis of dried
samples showed that there still was a total of about 17 wt% un reacted
B-TCP and B-CPP in the cement, while all MCPM had reacted (Table 2
and Figure 2). The main precipitated product was brushite, with around
5 wt% of monetite present.

Discussion

The cement presented herein show surprisingly high mechanical
strengths, with maximum CS of around 92 MPa, which is almost 10
MPa higher than the reported theoretical maximum value for brushite
cements with zero porosity [7], and to the authors knowledge, almost
twice as high as previously published values for brushite cements. The

Figure 1: SEM micrographs of a fractured surface at different
magnifications.

Phase Composition (wt.%)

B-CPP 6 (1)

B-TCP 11 (<1)
Brushite 78 (1)

MCPM 0(<1)
Monetite 5(<1)

Table 2: Phase composition from XRD and Rietveld refinement. Four samples
were analyzed; relative errors are indicated within brackets.
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Difference

1 n.l.l.l | G YV I A P

ite (04-009-3755)

brushite (04-013-3344)

B-CPP (04-009-3876)

B-TCP (04-008-8714)

MCPM (04-011-3010)
10 15 20 25 30 35 40 45 50 55 60
20

Figure 2: Representative XRD plot for the investigated cement (Detected),
calculated graph achieved from Rietveld refinement (Calculated), the
difference between the two (Difference), and the reference PDFs.

measured CS is, furthermore, close to the values for CS of cortical bone
[8], and in the same range as the strength of polymeric bone cements
(ranging between 70-120 MPa [28]). The high value achieved is likely
due to a good ratio between cement paste and unreacted B-TCP, which
induces a good compaction during the cement reaction, together with
the toughening effect of small and hard unreacted B-TCP particles. The
Young’s modulus measured during compression was just below 3 GPa,
which also is similar to the values of polymeric bone cements [28]. This
value is lower than the values of cortical and trabecular bone, ranging
between 10-25 GPa, with trabecular bone having lower values than
cortical [29-31]. The DTS measured on these cements are similar to DTS
values reported for HA cements [32,33]; however, being around one
tenth of cortical bone [34,35]. One of the main advantages with CPCs
is their inherent injectability, meaning that they can be introduced
to the site of the defect without invasive surgery. A CPC with high
injectability is thus a requirement. Due to the hardening nature of the
CPC, the injectability differs with how soon after start of mixing the
injection is performed, and how fast the injection is performed. The
cement in the present study was almost completely injectable when the
injection started three minutes after the start of mixing and took less
than one minute to perform. Surprisingly, the setting of the cement did
not affect the pH of the PBS drastically, which would be expected from
cements utilizing the acidic MCPM together with citric acid. The low
effect on pH is likely due to the excess basic 3-TCP, stabilizing the pH.

Conclusions

In this paper we have demonstrated an improved brushite cement
formulation, with unexpectedly high mechanical strength. The
compressive strength achieved after setting was on average 74.4 (+ 10.7)
MPa, with a maximum of 91.8 MPa, which is just below the strength of
cortical bone, and to be best of authors knowledge, the highest strength
published. Other important properties such as setting time and
injectability showed results well within the desired spans, resulting in
cement with great mechanical and physical properties. These superior
mechanical properties imply that the investigated cement has a great
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potential to be used in selected load bearing clinical applications.

Acknowledgements

The authors are grateful for financial support from FP7 NMP project Biodesign

and the Swedish Research Council.

References

1.

Bohner M (2010) Design of ceramic-based cements and putties for bone graft
substitution. Eur Cell Mater 20: 1-12.

Lee DW, Kim JY, Lew DH (2010) Use of rapidly hardening hydroxyapatite
cement for facial contouring surgery. J Craniofac Surg 21: 1084-1088.

Wolff KD, Swaid S, Nolte D, Béckmann RA, Hélzle F, et al. (2004) Degradable
injectable bone cement in maxillofacial surgery: indications and clinical
experience in 27 patients. J Craniomaxillofac Surg 32: 71-79.

Larsson S (2010) Calcium phosphates: what is the evidence? J Orthop Trauma
24 Suppl 1: S41-45.

Gbureck U, Spatz K, Thull R, Barralet JE (2005) Rheological enhancement of
mechanically activated alpha-tricalcium phosphate cements. J Biomed Mater
Res B Appl Biomater 73: 1-6.

Barralet JE, Hofmann M, Grover LM, Gbureck U (2003) High-Strength Apatitic
Cement by Modification with a-Hydroxy Acid Salts. Adv Mater 15: 2091-2094.

Hofmann MP, Mohammed AR, Perrie Y, Gbureck U, Barralet JE (2009) High-
strength resorbable brushite bone cement with controlled drug-releasing
capabilities. Acta Biomater 5: 43-49.

Carter DR, Hayes WC (1976) Bone compressive strength: the influence of
density and strain rate. Science 194: 1174-1176.

Kokubo T (2008) Bioceramics and their clinical applications: Woodhead
Publishing, Japan.

10. Apelt D, Theiss F, EI-Warrak AO, Zlinszky K, Bettschart-Wolfisberger R, et al.

(2004) In vivo behavior of three different injectable hydraulic calcium phosphate
cements. Biomaterials 25: 1439-1451.

11. Grossardt C, Ewald A, Grover LM, Barralet JE, Gbureck U (2010) Passive and

active in vitro resorption of calcium and magnesium phosphate cements by
osteoclastic cells. Tissue Eng Part A 16: 3687-3695.

12. Mirtchi AA, Lemaitre J, Terao N (1989) Calcium phosphate cements: study of

the beta-tricalcium phosphate--monocalcium phosphate system. Biomaterials
10: 475-480.

13. Bohner M, Lemaitre J, Ring TA (1996) Effects of sulfate, pyrophosphate,

and citrate ions on the physicochemical properties of cements made of beta-
tricalcium phosphate-phosphoric acid-water mixtures. J Am Ceram Soc 79:
1427-1434.

14. Engstrand J, Persson C, Engqvist H (2014) The effect of composition on

mechanical properties of brushite cements. J Mech Behav Biomed Mater 29:
81-90.

15. Bohner M, Merkle HP, Landuyt PV, Trophardy G, Lemaitre J (2000) Effect of

several additives and their admixtures on the physico-chemical properties of a
calcium phosphate cement. J Mater Sci Mater Med 11: 111-116.

20.

2

=

22.

23.

24.

2

(&

26.

27.

28.

29.

30.

31.

32.

33.

.Marifio FT, Torres J, Hamdan M, Rodriguez CR, Cabarcos EL (2007)

Advantages of using glycolic acid as a retardant in a brushite forming cement.
J Biomed Mater Res B Appl Biomater 83: 571-579.

. Mirtchi AA, Lemaitre J, Munting E (1989) Calcium phosphate cements: action

of setting regulators on the properties of the beta-tricalcium phosphate-
monocalcium phosphate cements. Biomaterials 10: 634-638.

.Marshall RW, Nancolla.GH (1969) Kinetics of Crystal Growth of Dicalcium

Phosphate Dihydrate. J Phys Chem 73: 3838-3844.

. Giocondi JL, El-Dasher BS, Nancollas GH, Orme CA (2010) Molecular

mechanisms of crystallization impacting calcium phosphate cements. Philos
Trans A Math Phys Eng Sci 368: 1937-1961.

ASTM (2008) Standard Specification for Acrylic Bone Cement. In: ASTM F451:
ASTM International.

. Standard Test Method for Time of Setting of Hydraulic-Cement Paste by

Gillmore Needles. In: ASTM C266—-99: ASTM International.

Dickens B, Brown WE, Bowen JS (1972) A Refinement of Crystal-Structure
of CaHPO4 (Synthetic Monetite). Acta Crystallogr B Struct Crystallogr Cryst
Chem B 28: 797-806.

Curry NA, Jones DW (1971) Crystal Structure of Brushite, Calcium Hydrogen
Orthophosphate Dihydrate - Neutron-Diffraction Investigation. J Chem Soc A
3725-3729.

Dickens B, Schroeder LW, Brown WE (1974) Crystallographic studies of the
role of Mg as a stabilizing impurity in B-Ca,(PO,),. The crystal structure of pure
R-Ca,(PO,),. J Solid State Chem 10: 232-248.

. Schroeder LW, Prince E, Dickens B (1975) Hydrogen-Bonding in Ca(H2P0O4)2

H20 as Determined by Neutron-Diffraction. Acta Crystallogr B 31: 9-12.

Boudin S, Grandin A, Borel MM, Leclaire A, Raveau B (1993) Redetermination
of the Beta-Ca2P207 Structure. Acta Crystallogr C Cryst Struct Commun 49:
2062-2064.

ASTM Standard Practice for Use of the Terms Precision and Bias in ASTM Test
Methods. In: E177-13.

Lewis G (1997) Properties of acrylic bone cement: state of the art review. J
Biomed Mater Res 38: 155-182.

Turner CH, Rho J, Takano Y, Tsui TY, Pharr GM (1999) The elastic properties
of trabecular and cortical bone tissues are similar: results from two microscopic
measurement techniques. J Biomech 32: 437-441.

Zysset PK, Guo XE, Hoffler CE, Moore KE, Goldstein SA (1999) Elastic
modulus and hardness of cortical and trabecular bone lamellae measured by
nanoindentation in the human femur. J Biomech 32: 1005-1012.

Rho JY, Tsui TY, Pharr GM (1997) Elastic properties of human cortical and
trabecular lamellar bone measured by nanoindentation. Biomaterials 18:
1325-1330.

Ishikawa K, Takagi S, Chow LC, Ishikawa Y (1995) Properties and mechanisms
of fast-setting calcium phosphate cements. Journal of Materials Science:
Materials in Medicine 6: 528-533.

Wang X, Ye J, Wang Y, Wu X, Bai B (2007) Control of crystallinity of hydrated

Bioceram Dev Appl
ISSN: 2090-5025 BDA, an open access journal

Volume 4 - Issue 1+ 1000074


http://dx.doi.org/10.4172/2090-5025.1000074
http://www.ncbi.nlm.nih.gov/pubmed/20574942
http://www.ncbi.nlm.nih.gov/pubmed/20574942
http://www.ncbi.nlm.nih.gov/pubmed/14980585
http://www.ncbi.nlm.nih.gov/pubmed/14980585
http://www.ncbi.nlm.nih.gov/pubmed/14980585
http://www.ncbi.nlm.nih.gov/pubmed/20182235
http://www.ncbi.nlm.nih.gov/pubmed/20182235
http://www.ncbi.nlm.nih.gov/pubmed/15627245
http://www.ncbi.nlm.nih.gov/pubmed/15627245
http://www.ncbi.nlm.nih.gov/pubmed/15627245
http://onlinelibrary.wiley.com/doi/10.1002/adma.200305469/abstract
http://onlinelibrary.wiley.com/doi/10.1002/adma.200305469/abstract
http://www.ncbi.nlm.nih.gov/pubmed/18799378
http://www.ncbi.nlm.nih.gov/pubmed/18799378
http://www.ncbi.nlm.nih.gov/pubmed/18799378
http://www.ncbi.nlm.nih.gov/pubmed/996549
http://www.ncbi.nlm.nih.gov/pubmed/996549
http://www.woodheadpublishing.com/en/book.aspx?bookID=1267
http://www.woodheadpublishing.com/en/book.aspx?bookID=1267
http://www.ncbi.nlm.nih.gov/pubmed/14643619
http://www.ncbi.nlm.nih.gov/pubmed/14643619
http://www.ncbi.nlm.nih.gov/pubmed/14643619
http://www.ncbi.nlm.nih.gov/pubmed/20673025
http://www.ncbi.nlm.nih.gov/pubmed/20673025
http://www.ncbi.nlm.nih.gov/pubmed/20673025
http://www.ncbi.nlm.nih.gov/pubmed/2804235
http://www.ncbi.nlm.nih.gov/pubmed/2804235
http://www.ncbi.nlm.nih.gov/pubmed/2804235
http://www.ncbi.nlm.nih.gov/pubmed/24064324
http://www.ncbi.nlm.nih.gov/pubmed/24064324
http://www.ncbi.nlm.nih.gov/pubmed/24064324
http://www.ncbi.nlm.nih.gov/pubmed/15348055
http://www.ncbi.nlm.nih.gov/pubmed/15348055
http://www.ncbi.nlm.nih.gov/pubmed/15348055
http://www.ncbi.nlm.nih.gov/pubmed/17465024
http://www.ncbi.nlm.nih.gov/pubmed/17465024
http://www.ncbi.nlm.nih.gov/pubmed/17465024
http://www.ncbi.nlm.nih.gov/pubmed/2611315
http://www.ncbi.nlm.nih.gov/pubmed/2611315
http://www.ncbi.nlm.nih.gov/pubmed/2611315
http://pubs.acs.org/doi/abs/10.1021/j100845a045
http://pubs.acs.org/doi/abs/10.1021/j100845a045
http://www.ncbi.nlm.nih.gov/pubmed/20308110
http://www.ncbi.nlm.nih.gov/pubmed/20308110
http://www.ncbi.nlm.nih.gov/pubmed/20308110
http://www.astm.org/Standards/F451.htm
http://www.astm.org/Standards/F451.htm
http://www.techstreet.com/products/1805310
http://www.techstreet.com/products/1805310
http://pubs.rsc.org/en/Content/ArticleLanding/1971/J1/j19710003725#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/1971/J1/j19710003725#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/1971/J1/j19710003725#!divAbstract
http://scripts.iucr.org/cgi-bin/paper?a11840
http://scripts.iucr.org/cgi-bin/paper?a11840
http://www.ncbi.nlm.nih.gov/pubmed/9178743
http://www.ncbi.nlm.nih.gov/pubmed/9178743
http://www.ncbi.nlm.nih.gov/pubmed/10213035
http://www.ncbi.nlm.nih.gov/pubmed/10213035
http://www.ncbi.nlm.nih.gov/pubmed/10213035
http://www.ncbi.nlm.nih.gov/pubmed/10476838
http://www.ncbi.nlm.nih.gov/pubmed/10476838
http://www.ncbi.nlm.nih.gov/pubmed/10476838
http://www.ncbi.nlm.nih.gov/pubmed/9363331
http://www.ncbi.nlm.nih.gov/pubmed/9363331
http://www.ncbi.nlm.nih.gov/pubmed/9363331
http://link.springer.com/article/10.1007/BF00151034
http://link.springer.com/article/10.1007/BF00151034
http://link.springer.com/article/10.1007/BF00151034
http://www.ncbi.nlm.nih.gov/pubmed/17226807

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Materials and Methods 
	Cement preparation  
	Mechanical testing 
	Setting time 
	Porosity
	Microstructure 

	Results
	Discussion
	Conclusions
	Acknowledgements
	Table 1
	Table 2
	Figure 1
	Figure 2
	References



