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ABSTRACT

Purpose: Calcium phosphate cements (CPCs) are extensively used as synthetic bone 
grafts due to their excellent bioactivity, moldability and ability to set in vivo. Although there 
are some commercial CPCs in the market, there are many ongoing research directed mainly 
to improve some of their properties, such as mechanical strength, cohesion or resorbability. 
The purpose of the study was to develop a more systematic approach for the formulations 
of CPCs and to obtain complex composite that will be gradually resorbed in vivo.
Design/methodology/approach: In the present studies cements composed of different 
ratios of α-TCP, Mg2+/CO3

2- co-substituted hydroxyapatite (MgCHA) and calcium sulphate 
were developed. The obtained materials were characterized in terms of setting time, 
compressive strength and open porosity. XRD technique was employed to determine the 
phase composition of the initial powders and the final materials. Chemical stability of the 
studied materials was checked. Bioactive potential of the bone cements was evaluated in 
accordance to Kokubo’s protocol.
Findings: The investigated materials possess excellent handling properties, appropriate setting 
times (initial: 6-8 min, final-17-21 min) and compressive strength comparable to cancellous 
bone (6-12 MPa). The expected gradual resorption of composites (resorbability: CSD >> α-TCP 
> MgCHA) is believed to facilitate a healing process and stimulate bone regeneration.
Research limitations/implications: Further in vitro and in vivo experiments need to be 
done to confirm cytocompatibility of these biomaterials. 
Originality/value: The new chemically bonded bioceramics with addition of calcium 
sulphate was developed. A systematic approach for the formulations of CPCs on the basis 
of α-TCP, MgCHA and calcium sulphate was performed. The obtained chemically bonded 
bioceramics may have a chance to be apply as bone substitutes in low load bearing places.
Keywords: Bioceramics; Bone cement; Hydroxyapatite; α-Tricalcium phosphate; Calcium 
sulphate 
Reference to this paper should be given in the following way: 
J. Czechowska, D. Siek, A. Zima, A. Ślósarczyk, Chemically bonded, calcium phosphate 
based bioceramics with addition of calcium sulphate, Archives of Materials Science and 
Engineering 66/1 (2014) 5-12.
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1. Introduction 
Polimeric bone cements, mainly on the basis of 

polymethylmethacrylate (PMMA), are widely used in 
orthopaedic applications, however the extensive studies are 
still ongoing to enhance their properties [1-5]. Furthermore, 
new alternative material solutions, free of of certain 
drawbacks attributed to the polimeric cements, such as: the 
exotermic setting reaction, lack of bioactivity or 
insufficient mechanical properties, are being sought. 
Calcium phosphate bone cements (CPCs) are a promising, 
bioceramic group of chemically boneded implant materials. 
The idea of the calcium phosphate based biomaterials in 
the form of mouldable pastes was put forward by LeGeros 
et al. [6] and Brown and Chow [7,8]. Calcium Phosphate 
Cements are bioactive, chemically bonded materials 
consisting of powder and liquid phase. Both phases after 
mixing form a viscous paste that sets and hardens after 
being placed in a living organism. CPCs can be molded 
during the implantation and adapt immediately to the shape 
of the bone cavity. Application of shapeable material 
allows for tight fulfillment of even the most complex voids, 
which would be difficult to fill with granules or 
prefabricated implant material with defined dimensions. 
The chemical reactions which take place during the setting 
of calcium orthophosphate cements depend mainly on their 
chemical composition. The product of setting process may 
be a non-stoichiometric calcium deficient hydroxyapatite - 
(CDHA - apatite cement formulations) or brushite (brushite 
cement formulations), sometimes blended with other 
phases. CDHA formed in an aqueous environment has
a low crystallinity and appears to be similar to the 
biological bone apatite. As a result CPCs possess the ability 
to form a very strong interface with bone tissue what makes 
them promising group of biomaterials for bone grafting 
applications.  

Chemically bonded bioceramics based on calcium 
phosphates, mainly hydroxyapatite (HA, Ca10(PO4)6(OH)2)
and tricalcium phosphate (TCP, Ca3(PO4)2), give rise to 
particular interest of many scientific groups. 
Hydroxyapatite is well known as a biocompatible material 
and is widely apply in medicine due to its chemical and 
crystallographic similarity to the inorganic phase present in 
human bones and teeth [9,10]. Synthetic hydroxyapatites 
doped with small amounts of additives found in natural 
bone such as Mg2+ and CO3

2  ions are promising 
components of calcium phosphate bone cements (CPCs) 
[11,12]. Currently in the literature very interesting group of 
cements are composite biomaterials consisting of  

-tricalcium phosphate ( -TCP, -Ca3(PO4)2) which 
possess self-setting ability and after introduction into the 

bone void hydrolyze to create non-stoichiometric 
hydroxyapatite [13,14]. 

Recently the composite cement type materials 
consisting of calcium phosphates and other inorganic and 
organic phases have been developed in order to improve or 
establish certain qualities of CPCs. Various additives may 
be admixed either to the powder or to the liquid phase of 
CPCs to enhance insufficient handling properties, 
mechanical strength, cohesion or biodegradation [15-19]. 
Due to the poor mechanical properties, clinical applications 
of the most of CPCs are currently limited to the non-load 
bearing places [20-22]. CPCs are biodegradable bone 
substitutes, however their resorption rate still remains too 
slow. Another drawback of cement-type materials is the 
lack of macroporosity. It is well known that ceramic 
calcium phosphate implants with macropores (>100 µm) 
facilitate an ingrowth of bone tissue with functional 
haversian systems and favor osseointegration process  
[23-26]. In order to obtain macroporous CPCs and to 
accelerate the process of  their resorption a highly soluble, 
non-toxic inorganic and organic compounds  such as 
NaHCO3, Na2HPO4, sucrose or mannitol acting as poregens 
may be introduced into the material [27-30]. Calcium 
sulphate is a biocompatible,  fast resorbable material which 
has been used as a filler material and/or as a replacement 
for cancellous bone [31], however it is believed to resorbed
too quickly to be an optimal for bone regeneration. For this 
reason composite materials seems to be an interesting 
alternative for monophasic calcium sulphate bone implants. 

The purpose of the study was to develop a more 
systematic approach for the formulations of CPCs and to 
check possibility of  use calcium sulphate hemihydrate as 
a one of the cement component to obtain the material 
revealing gradual resorption in vivo. We expect that such 
a combination will allow to improve resorption of new 
bone substitutes, without decreasing their mechanical 
properties. 

2. Materials and methods 

The powder phase of our cements consisted of -TCP, 
carbonated hydroxyapatite doped with Mg2+ ions 
(MgCHA) and calcium sulphate hemihydrate (CSH, Acros 
Organics, USA). 0.75 wt.% methylcellulose solution 
(Fluka) in 2.0 wt% Na2HPO4 (CHEMPUR, Poland) was 
applied as a liquid phase. Wet chemical method, involving 
the precipitation process was applied to produce initial  

-TCP and MgCHA powders. Calcium hydroxide Ca(OH)2
(MERCK, Germany) and phosphoric acid (POCH, Poland) 
were used to obtain -TCP, whereas CaO (POCH, Poland), 

1.  Introduction

2.  Materials and methods



7

Chemically bonded, calcium phosphate based bioceramics with addition of calcium sulphate

Volume 66    Issue 1   March 2014

(NH4)2HPO4 (POCH, Poland), (CH3COO)2Mg (POCH, 
Poland) and NH4HCO3 (POCH, Poland) were applied to 
synthesized Mg2+/CO3

2- co-substituted hydroxyapatite. 
During the synthesis of MgCHA, the pH value of the slurry 
was stabilized at >11 using ammonium hydroxide solution. 
Materials with various MgCHA: -TCP contents, namely 
2:3, 3:7, 1:4, were fabricated in order to examine the 
influence of -TCP-MgCHA ratio on the physicochemical 
properties of the final materials. Calcium sulphate 
hemihydrate served as a fast resorbable component of the 
bone cements. Specific surface area of the powders was 
determined via BET (Brunauer-Emmett-Teller) method. 
Liquid to powder ratios (L/P) were choosed to obtain 
optimal, viscous consistency of the cement pastes. Powder 
phase components were mixed with liquid phase 
thoroughly to form a homogenous paste. The initial (I) and 
final (F) setting times of the cements were measured using 
the Gillmore needles according to the C-266-08 ASTM 
standard [32]. The specimens for compressive strength 
measurements were prepared by pouring cement pastes into 
a cylindrical Teflon mold (6 mm in diameter and 12 mm in 
height). The Universal Testing Machine (Instron 3345) was 
used for measuring the compressive strength of specimens 
at the loading rate of 1mm/min. The open porosity of 
hardened cement bodies were established via Mercury 
Intrusion Porosimetry (MIP, Auto Pore IV, 
Micromeritics).The phase composition of synthesized  

-TCP, MgCHA powders and the set cement bodies was 
checked by X-ray diffraction (XRD) using D2 PHASER 
(Bruker) with CuK  radiation. Phase quantification was 
done using the Rietveld analysis. X-ray fluorescence (XRF) 
method was apply to check chemical composition of the 
initial MgCHA powder. In order to estimate a chemical 
stability of the ceramic composites measurements of pH 
changes and ionic conductivity in simulated body fluid 
(SBF) and distilled water during the samples incubation at 
37°C were conducted. SBF was produced according to 
Kokubo’s procedure [33]. ICP-OES method (Inductively 
Coupled Plasma Optical Emission Spectrometry) was used 
to determine changes in the concentration of Ca, Mg, Na 
and P in simulated body fluid solutions (pH 7.4) at 37°C 
after 1, 3, 7 and 14 days of incubation. The measurements 
were performed using Perkin Elmer (USA) spectrometer - 
Optima 2100. SEM observations of the cement samples 
surfaces (Nova 200 NanoSEM, FEI Company) as well as 
analysis of the chemical composition in microareas (EDS) 
to confirm the bioactive potential were done. Observations 
were performed after different periods of samples 
incubation in SBF. Experimental data were processed by 
Excel Microsoft 2010, and the results were presented as 
mean ± standard deviation (S.D.). 

3. Result and discussion

Specific surface area of the initial powders, determined 
via BET method, was as follows: -TCP – 3.81  0.02, 
calcium sulphate hemihydrate – 1.77  0.04 and MgCHA – 
99.8  0.02 m2/g. The detailed analysis of the XRD patterns 
confirmed that MgCHA powder was monophasic 
hydroxyapatite, free of undesired MgO phase (Fig. 1). XRF 
analysis of the chemical composition revealed that there 
was 0.52 wt.% of Mg, 44.1 wt.% – O, 38.9 wt.% – Ca, 16.2 
wt.% P in the MgCHA structure. The initial -TCP powder 
composed of 92.6 wt.% -TCP and 7.4 wt.% HA (Fig. 1).  

Fig. 1. XRD patterns of the initial powders: MgCHA and 
-TCP 

All the cement pastes, obtained after mixing powder 
and liquid phase, possessed excellent handling properties 
and could be easily mold into the desired shape. The setting 
process of developed CPCs was the result of hydrolysis of 
the -TCP in aqueous media. The final product of -TCP 
hydrolysis is calcium deficient hydroxyapatite as shown in 
equation 1: 

3 -Ca3(PO4)2 + H2O  Ca9(HPO4)(PO4)5(OH)  (1)
-TCP                           CDHA 

In the case of material D calcium sulphate hemihydrate 
constitute another phase with self-setting abilities, which 
when mixed with aqueous solutions creates calcium 
sulphate dihydrate (CSD) according to equation 2. 

2 CaSO4·0.5 H2O +3 H2O    2  CaSO4·2H2O              (2) 
CSH                        CSD 

Described process takes place if a sufficient quantity of 
water is available. If there is not enough water in the 
system the hydration reaction cannot be completed and 
CSH may create not fully hydrated, bassanite type calcium 
sulphate: CaSO4·xH2O (0.5  x <2.0). In the present studies 
Rietveld analysis of phase composition of the set cement 

3.  Result and discussion
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bodies showed that the materials A, B and C were biphasic 
and consisted of MgCHA and -TCP, whereas cement  
D composed also of non-stoichiometric, bassanite-type 
calcium sulphate (Table 1). 

According to the literature ideally the initial setting 
time of bone cements should be between 3-8 minutes, 
whereas the final should not exceed 15 minutes [34]. 
Intrinsic setting time of CPCs has been extensively studied 
and it appeared to be rather long process. For example, in 
the case of the original formulation by Brown and Chow it 
ranged from 15 to 22 min [7,8]. In our studies setting times 
ranging from 6-8 min (I) to 17-21 min (F) were obtained 
(Table 2). These values remain in compliance or slightly 
exceed the requirements, what indicates that developed 
materials may be suitable for surgical practice.  

The results of the compressive strength measurements 
showed that all obtained materials possessed a mechanical 
strength close to the cancellous bone.  

It has been demonstrated that an increase in content of 
-TCP in the initial powder batches allowed to improve the 

mechanical strength of the final materials. The highest 
compressive strength (~12 MPa) was noticed in the case of 
materials C ( -TCP – 80 wt.%) and D ( -TCP – 70 wt.%), 
whereas the lowest (~6 MPa) for material A ( -TCP – 60 
wt.%) (Fig. 2).  

The reason of the observed phenomenon is the fact that 
during the setting process -TCP created the cement 
microstructure composed of entangled CaPs crystals, which 
gave the CPCs their final mechanical strength. The 20 wt.% 
addition of CSH into the initial cement batches did not 
affect the cement mechanical properties. 

Higher open porosity is believed to improve 
biodegradation process and bioactivity of biomaterial by 
increasing the surface area available for reactions with 
body fluids and living cells. The decrease in amount of 

-TCP in the initial powder composition caused the 
increase in open porosity from 45 vol.% to 48 vol.% 
(materials A-C), whereas the presence of CSH (material D) 
did not impact the open porosity significantly (Table 3).  

Fig. 2. Compressive strength of the bone cements 7 days 
after setting and hardening 

Mercury Intrusion Porosimetry measurements revealed 
that the obtained CPCs are microporous materials with 
pore diameters between 0.006-0.320 µm (Fig. 3).  
The presence of calcium sulphate dihydrate in the 
hardened cement bodies has caused a slight shift of peak 
towards higher pore size values. A clear bimodal pore 
size distribution was observed for most materials, with the 
exception of material C, which only had one broad peak 
centered at the higher size range. This peak probably 
consisted of two overlapping peaks. The first peak  
(I maximum) visible on the pore size distribution curve is 
associated with voids between agglomerates of: calcium 
phosphates (materials A-C) or CaPs and calcium sulphate 
(cement D). The second peak may be assigned to the 
pores between CaPs and/or calcium sulphate grains. 
Similar pores size distributions in CPCs cements were 
observed by Espanol et al. [35]. 

Table 1. 
Phase composition of  the set and hardened cements 

Material Liquid phase Powder phase L/P,
g/g 

HA, 
wt.% 

-TCP,
wt.% 

CaSO4 · xH2O, 
(0.5 x<2) wt.% 

A

0.75 wt.% 
methylcellulose 

solution in 2 wt.% 
Na2HPO4

MgCHA: -TCP – 2:3 0.50 65.3 34.7 -

B MgCHA: -TCP – 3:7 0.46 42.0 58.0 -

C MgCHA: -TCP – 1:4 0.46 31.0 69.0 -

D MgCHA: -TCP:CSH – 1:7:2 0.46 22.5 58.4 19.1 
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Table 2. 
Initial and final setting times of the cement pastes 

Material L/P,
g/g 

Setting time, min 
Initial (I) Final (F) 

A 0.50 6 1 17  1
B 0.46 8 1 20  1
C 0.46 8 1 21  2
D 0.46 6 1 20  1

Fig. 3. Pore size distribution curves of all obtained cements 

Table 3. 
Open porosity and pore size diameter of the studied cements

Cement Powder 
phase 

L/P,
g/g 

Porosity, 
vol.% 

Pore size 
diameter, µm 

A MgCHA: 
-TCP – 2:3 0.50 48 

0.320-0.006 
Max I: 0.064 
Max II: 0.017 

B MgCHA: 
-TCP – 3:7 0.46 47 0.220-0.006 

Max I: 0.046 

C MgCHA: 
-TCP – 1:4 0.46 45 

0.220-0.006 
Max I: 0.120 
Max II: 0.032 

D
MgCHA: 

-TCP:
CSH – 1:7:2

0.46 44 
0.320-0.006 
Max I: 0.170 
Max II: 0.030 

In order to evaluate their bioactive potential the cement 
samples were incubated in vitro in simulated body fluid for 
28 days. All the samples possessed satisfactory cohesion, 
which is required for successful medical application.  
No disintegration was observed during the incubation in 
SBF or distilled water. SEM observations showed that as 
soon as after 7 days of soaking, the evenly distributed 
apatite layer formed on the surface of cement samples what 
indicated on their high bioactive potential (Fig. 4).  

Fig. 4. SEM microphotographs and chemical composition 
in microareas of the material A: non-incubated (a), after  
7 days of incubation in SBF (b) 

The resorption properties of calcium phosphate based 
biomaterials are generally believed to be related to the 
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solubility of their constitutive phases. Monitoring of 
changes in the pH, ionic conductivity and chemical 
composition of the immersion fluids (SBF, distilled water) 
may serve as an indicator of chemical stability of the 
materials. In the present studies pH measurements revealed 
only small pH changes in SBF from the initial value 7.4 to 
7.1, which remain close to the physiological one (Fig. 5). 
The ionic conductivity of the aqueous extract of cement  
A was relatively low and ranged from 100 S/cm to 130 

S/cm, what may indicate on chemical stability of the 
material. The slight decrease in ionic conductivity observed 
after 7 days of incubation is probably associated with 
formation of the apatite cauliflowers on the surface of the 
cement samples. Results of ICP-OES analysis of the 
changes in concentration of Ca, P, Na and Mg in SBF 
solution, before and after 1, 3, 7 and 14 days of incubation
of the CPCs samples, were shown in Fig. 6.  

Fig. 5. pH vs. time of incubation in SBF and ionic 
conductivity vs. time of incubation in distilled water for 
material A 

The observed variations in the concentrations of 
individual elements were a result of dissolution and 
precipitation processes. Thus the decrease in the Ca, Mg 
and P concentration in the SBF after 7 days of samples 
incubation was connected with the precipitation of apatite 
layer.

4. Conclusions

In the present studies chemically bonded bioceramic 
materials on the basis of calcium phosphates and calcium 
sulphate were obtained. The chief advantages of the 
obtained CPCs beside their surgical handiness, are: 
cohesion during the short and long-term contact with 
simulated body fluid, appropriate mechanical properties 
and the expected gradual resorbability in vivo. The cements 
set within 15-30 min (F) and the setting time depend on the 

composition of initial powder batches. All materials 
possessed compressive strength similar to the cancellous 
bone (~6-12 MPa) and had sufficient bearing capacity to 
serve as a scaffold in non-load bearing areas. Furthermore, 
it has been proven that -TCP, which serves as the setting 
phase, is a key factor deciding about the mechanical 
properties of studied cements. It was found that amount of 

-TCP has a great impact on the final microstructure, 
porosity and compressive strength of CPCs, whereas the 
addition of 20 wt.% of CSH did not have a significant 
influence on the mechanical properties of materials. 

Fig. 6. Concentration of the elements in simulated body 
fluid after different periods of incubation of the cement  
A in SBF 

4.  Conclusions
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Developed cements due to their phase composition are 
expected to be gradually resorbed in living organism 
(resorbability: CSD >> -TCP > MgCHA), which may 
facilitate a healing process and stimulate bone regeneration. 
Further in vitro investigation need to be done to check the 
extent to which calcium sulphate impact the resorption rate 
of materials. The obtained results of in vitro studies 
indicate the chemical stability and high bioactive potential 
of the developed materials, however additional in vitro and 
in vivo experiments need to be done to confirm their 
cytocompatibility. 
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