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Abstract Calcium phosphate cement (CPC) samples

have been prepared with a mixture of monocalciumphos-

phate monohydrate (MCPM) and calcium carbonate (CC)

powders, in stechiometric moles ratio 1:2.5 to obtain a Ca/

P ratio of about 1.67 typical of hydroxyapatite (HAp), with

or without addition of HAp. All specimens are incubated at

30 �C in a steam saturated air environment for 3, 6 and

15 days respectively, afterwards dried and stored under

nitrogen. The calcium phosphate samples have been char-

acterized by X-ray diffraction (XRD), Vickers hardness

test (HV), diametral compression (d.c.), strength com-

pression, and porosity evaluation. MCPM/CC mixture has

a 30% HAp final concentration and is characterized by

higher porosity (amount 78%) and mechanical properties

useful as filler in bone segments without high mechanical

stress.

Introduction

A great deal of materials are at present used for bone

reconstruction: they are natural derivatives and synthetic

materials. Among them, the more interesting are calcium

phosphate materials because they are main constituents of

bone mineral matrix. Their biocompatibility is demon-

strated by in vitro [1–4] and in vivo studies [5–7]. Over the

last 20 years they have actually been preferred in ortho-

paedic surgery as repair materials [8, 9].

The calcium phosphate biomaterials are used as filler

for bone tissue reconstruction, as dental implants, for

treatment of periodontal defects [10], in craniofacial and

maxillofacial surgery [11–15]. They are used as ceramic

and cement materials. The ceramics are obtained by high

temperature treatments and the apatite phase has a high

cristallinity and it is essentially insoluble at physiologic

pH and thus hardly resorbable [16–18]. Calcium phos-

phate cements (CPC) represent an interesting alternative

to traditional bone-graft materials because they are ob-

tained under environmental conditions and thus have an

amorphous structure similar to the bone mineral phase

[19]. The cements can be used as injectable materials,

they are made to resorb and are replaced by bone and

they can bear some load [20]. The cements are injectable

and easy to shape in situ and very effective for filling

bone defects with an irregular shape [21]; they are ob-

tained mixing a liquid phase and a solid phase based on

calcium phosphate [22, 23].

The solid phase is prepared by mixing two or more

calcium phosphate salts, such as tetracalcium phosphate

(TTCP, Ca4(PO4)2O), dicalcium phosphate anhydrous

(DCPA, CaHPO4), dicalcium phosphate dihydrate (DCPD,

CaHPO4.2H2O), monocalciumphosphate monohydrate

(MCPM, Ca(H2PO4)2 � H2O) and a-tricalcium phosphate

(a-TCP, Ca3(PO4)2) [24–30]. The liquid phase is either

water or an aqueous solution. The first CPC properly

known, prepared by Brown and Chow [31], was obtained

by mixing either DCPD or DCPA with TTCP and either

water or a diluted aqueous solution of H3PO4. The reaction

product in both cases was hydroxyapatite (HAp, Ca5(-

PO4)3OH).
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After mixing the two phases there is a setting reaction

that consists in the formation of entangled calcium-defi-

cient apatite crystals of a few microns in diameter [32], and

the hardening process. This last process involves the dis-

solution of solid particles, the precipitation of HAp from

solution and diffusion on the particle surface [33]. HAp is

formed among the reactant particles, HAp may reduce the

distance of grains and increase the compressive strength.

The hydroxyapatite precipitation reduces the macropo-

rosity of the cements, which would allow bone ingrowth

and good osteointegration. In contact with bone tissue,

these materials resorb slowly. Several attempts have been

made to increase the porosity of the cements. Some authors

have proposed to add, at the liquid phase, materials such as

mannitol [34], sucrose, sodium bicarbonate, or sodium

monohydrogenphosphate [35], sodium dodecylsulphate

[32].

The aim of the present research is to prepare MCPM,

CC, HAp cements in hydrothermal conditions simulating

the physiological environment, such that final amorphous

HAp content is optimized and useful as bone filler. The

produced cements are therefore characterized by the XRD

semiquantitative determination of mineral component and

compared, evaluating their mechanical properties by HV,

diametral compression, compression strength and % total

porosity.

Calcium Phosphate manufactured samples have been

produced by mixing MCPM Ca(H2PO4)2 � H2O and cal-

cium carbonate CaCO3 (CC) powders with water in excess.

The samples have been treated at 30 �C in a saturated

steam environment. This process produces non stechio-

metric HAp. A small quantity of HAp can be added to the

mixture to accelerate this process.

Methods

The CPCs samples have been prepared with a mixture of

MCPM (Aldrich, USA) e CC (Carlo Erba, Italy) powders,

in the stechiometric moles ratio 1:2.5 to obtain a Ca/P ratio

of about 1.67, typical of HAp.

To increase the precipitation of HAp, hydroxyapatite

(Aldrich, USA) has been added as nucleation agent to the

starting mixture, obtaining the other two mixtures: MCPM/

CC plus 10% in weight of HAp (MCPM/CC/H10, in moles

ratio 1:2.5:1) and MCPM/CC plus 20% in weight of HAp

(MCPM/CC/H20, in moles ratio 1:2.5:2). The powders are

mechanically mixed for 1 min, then distilled water is added

(1.5 ml/g of the mixture), the exceeding water is filtered

and the slurry is put in cylindrical moulds. The moulds

measure 12.7 mm in diameter and 2 mm in height, or

20 mm in diameter and 40 mm in height, for specimens

prepared to evaluate the compression strength. The speci-

mens are removed from the mould under hand pressure. All

specimens are incubated at 30 �C in a steam saturated air

environment, lasting over 3, 6 and 15 days, then dried and

stored under nitrogen.

Results

Characterization of calcium phosphate powders

The powders have been characterized by X-ray diffraction

(XRD, Philips model 1730/10) to test their purity. The

XRD traces for the MCPM, CC and HAp powders are

presented in Fig. 1a–c. Each peak is compared with those

of pure powders by ASTM standards [36]. The most sig-

nificant ones are pointed out in the same figure.

Characterization of calcium phosphate manufactured

samples

The calcium phosphate samples have been characterized by

XRD, Vickers hardness test (HV), diametral compression

(d.c.), compression strength (c.s.), and porosity evaluation.

HV has been carried out by a Microhardness tester

Zwick 3212, d.c. by a VK 200 apparatus by Varian Dis-

solution Testing Products, and the compression strength by

an Instron 8502 instrument.

The porosity evaluation was carried out by a Hubbard

pycnometer. All kinds of specimens are characterized by

XRD. In the Figs. 2, 3 and 4, XRD patterns of MCPM/CC,

MCPM/CC/H10 and MCPM/CC/H20 are respectively re-

ported, observed after powder mixing time 0 days (0 d),

and after 3 days (3 d), 6 days (6 d) and 15 days (15 d) of

thermal treatment after the moulding.

By qualitative analysis of Fig. 3, data at 0 d do not show

the characteristic MCPM peaks, but instead evidence those

at 7.59 Å (020) and 4.24 Å (021), appropriate for brushite

(DCPD). This demonstrates the complete hydrolysis of

MCPM and precipitation of the less soluble brushite. At

3 d brushite signal increases and no other variation is

evident. At 6 d time brushite signal decreases and peaks of

hydroxyapatite are noted [3.44 Å (002), 2.81 Å (211) and

2.72 Å (300)]. The results show that during manufactured

sample maturation, brushite is dissolved and HAp is pre-

cipitated, similar to natural mineralization in vertebrate

bones [37]. The sequence of reactions is probably the same

in MCPM/CC/H10 and MCPM/CC/H20 mixtures, and

HAp percentage does not affect the final HAp precipitation.

To describe more appropriately the time course of

reactions in the different mixtures a semiquantitative anal-

ysis of XRD patterns is performed. This estimate has been

obtained calculating the relative percentage variations of

each chemical component from XRD main peak intensity of
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each mixture component, in comparison to those from

commercial powders as suggested by ASTM [36]. The

chosen peaks are: 11.7 Å (010), for MCPM, 3.04 Å (104)

for CC, 4.24 Å (021) for DCPD and 2.81 Å (211) for HAp.

In each mixture at each time point, the sum of the

described peak intensities gives total counts as follows: the

mixture MCPM/CC 0 d: (010) = 0 counts, (104) =

1,739 counts, (021) = 445 counts, (211) = 0 counts; the

sum is 2,184 counts. After that, the percentage has been

attributed by calculating the relative intensities of each

peak in respect to the total intensity obtained as described

above.

The data of semiquantitative analysis for MCPM/CC,

MCPM/CC/H10 and MCPM/CC/H20 mixtures are de-

scribed in Figs. 5, 6 and 7, respectively and the time course

of data show different trends especially by comparison

between Figs. 6 and 7.

In Table 1 the HV values of each kind of specimen are

reported as the mean of 30 determinations ± SD. The

highest HV values, of 0.163 and 0.166 GPa, respectively,

are obtained from MCPM/CC samples at 6 days and from

MCPM/CC/H10 samples after 15 days. The HV values of

MCPM/CC/H20 are lower than those of the other two

mixtures and the highest hardness is obtained after 6 days

of thermal treatment (0.114 GPa). An unpaired Student’s t

test is performed on the data for the same mixture at a

different treatment time as shown in the caption of Table 1.

The significance of HV variations obtained for each spec-

imen compared with the treatment time is evident.

In Table 2, d.c. data for each kind of specimen are

reported as the mean of 10 determinations ± S.E.M in

Fig. 1 X-ray diffraction patterns of powders refer to: (a) MCPM (b)

CC (c) HAp

Fig. 2 X-ray diffraction patterns of mixture MCPM/CC treated in a

steam saturated atmosphere for the following times: 0 d, 3 d, 6 d,

15 d
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kilopond (kp) (1 kp = 9.80665 N). The data are also

described in Fig. 8. The application of ANOVA to these

data suggested that the mixture composition significantly

influences d.c. (P < 0.05).

The comparison of the same data as function of matu-

ration time indeed shows that MCPM/CC mixture has a

very significant increase of d.c. versus maturation time.

The d.c. of MCPM/CC/H10 is almost stable in the same

time course. The mixture MCPM/CC/H20 has a decreasing

d.c. in the studied treatment time.

The mixtures MCPM/CC/H10 and MCPM/CC/H20

demonstrate a decreasing d.c. only at 15 days.

In Table 3 the c.s. values of each kind of specimen are

reported as the mean of five determinations for each

mixture ± SD. With the parametrization of data, the mean

compression strength of MCPM/CC samples is higher than

MCPM/CC/H10 one and those of MCPM/CC/H20 are at

an intermediate level. The data of MCPM/CC/H10 are

almost stable at 0.50 MPa during maturation time. In the

meantime, data of MCPM/CC diminish and those of

MCPM/CC/H20 increase. The application of ANOVA to

these data suggest that the mixture composition signifi-

cantly influences c.s. (P < 0.05).

In Table 4 the total porosities of the manufactured

samples are reported as the mean of 10 determina-

tions ± SD. Furthermore, the data differences are shown to

be significant in terms of a two tails Wilcoxon test, as in the

caption. The table shows that the porosity of samples is

within the range 59–79%. The MCPM/CC specimens have

Fig. 3 X-ray diffraction patterns of mixture MCPM/CC/H10 treated

in a steam saturated atmosphere for the following times: 0 d, 3 d, 6 d,

15 d

Fig. 4 X-ray diffraction patterns of mixture MCPM/CC/H20 treated

in a steam saturated atmosphere for the following times: 0 d, 3 d, 6 d,

15 d
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78.85% porosity after 3 days of thermal treatment and

porosity decreases at about 59.00% at the longest treatment

time. The MCPM/CC/H10 samples show about 70.00%

porosity at all treatment times. The MCPM/CC/H20

porosity decreases from 3 d to 6 d of the treatment, then

increases up to the full 15 days of treatment.

Discussion

The results show that CPC cementation and mechanical

properties can be well described in specimens synthesized

under hydrothermal conditions simulating bone physio-

logical environment in vivo. These conditions allow the

optimization of HAp precipitation and the amelioration of

the cementation process.

The results, as described in the previous section, show

that, after mixing MCPM and CC in distilled water excess,

the powders dissolve and lead to the precipitation of HAp.

Fig. 5 Semiquantitative analysis of X-ray diffraction patterns of

mixture MCPM/CC treated for the following times: 0 d, 3 d, 6 d,

15 d

Fig. 6 Semiquantitative analysis of X-ray diffraction patterns of

mixture MCPM/CC/H10 treated for the following times: 0 d, 3 d, 6 d,

15 d

Fig. 7 Semiquantitative analysis of X-ray diffraction patterns of

mixture MCPM/CC/H20 treated for the following times: 0 d, 3 d, 6 d,

15 d

Table 1 Hardness Vickers values (GPa) of specimens

Hardness

Vickers

3 d 6 d 15 d

MCPM/CC 0.117 ± 0.012 0.163 ± 0.019 0.093 ± 0.013

MCPM/CC/

H10

0.140 ± 0.020 0.114 ± 0.013 b 0.166 ± 0.014

MCPM/CC/

H20

0.094 ± 0.018 0.114 ± 0.012 a, b 0.108 ± 0.010 a

Each value is the mean of 30 determinations ± S.D

Comparison between samples at diffent maturation times of each

mixture and between the mixtures at the same maturation time are

significant with P < 0.001 with the exception of those marked a

(MCPM/CC/H20 between 6 d and 15 d) and b (MCPM/CC/H10 and

MCPM/CC/H20 at 6 d) by unpaired Student t test

Table 2 Diametral compression values (kp) of specimens

Mixtures 3 d 6 d 15 d

MCPM/CC 2.72 ± 1.91 4.30 ± 1.22 14.39 ± 0.88

MCPM/CC/H10 10.45 ± 0.98 9.99 ± 1.07 8.14 ± 0.88

MCPM/CC/H20 10.13 ± 0.85 8.56 ± 0.75 5.22 ± 0.35

Values are referred as the mean of 10 determinations ± S.E.M
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At the 0 d time the MCPM dissolves and DCPD pre-

cipitates as is evidenced by XRD patterns, then DCPD and

CC dissolve and HAp precipitates (6 d). The HAp per-

centage increases during maturation time of the cement in

the steam saturated environment, in fact it is about 30%

after 15 d (Fig. 5).

In the mixture MCPM/CC/H10, HAp precipitation is

slower (Fig. 6), as is evidenced by comparisons between

HAp percentage precipitation after 6 d in MCPM/CC and

that in MCPM/CC/H10 (Figs. 5 and 6). The process in

MCPM/CC/H20 is similar to the MCPM/CC mixture one,

after 6 d and 15 d. This demonstrates a higher reactivity

in the mixture MCPM/CC/H10 with increasing maturation

time (between 6 d and 15 d) and the authors hypothesize

that with longer maturation times, more HAp could be

produced. By a comparison of the various results, the

HAp increase abundance induces a proportional increase

of some diametral compression data. MCPM/CC d. c.

shows an increase after 6 d and much more at 15 d

treatment. The other two mixtures with either 10% or

20% HAp addition have a higher diametral compression

than the previous one, with the exception of data at 15 d

(that is 8.14 and 5.22 kp respectively for 10% and 20%

HAp). These mixtures, instead, possess after 15 d a

diametral compression that is lower than MCPM/CC

(equal to 12.61 Kp). Furthermore, the d.c. data of MCPM/

CC/H10 and MCPM/CC/H20 diminish as a function of

maturation time.

By comparison of d.c. and c.s. data we see that results

have different trends as a function of maturation time,

according to their different dimensions (Methods). The

unique similarity of data trends is observed for MCPM/CC/

H10 samples that show a relevant stability of the studied

parameters.

Percentage porosity of specimens demonstrates an

opposite trend in comparison with diametral compression

and diminishes with the maturation time for MCPM/CC.

The MCPM/CC/H10 mixture, instead, has almost constant

percentage porosity. Finally, MCPM/CC/H20 porosity in-

creases between 6 d and 15 d of treatment.

Vickers hardness data (Table 1) of MCPM/CC/H10

samples are among the highest studied ones with the

exception of MCPM/CC at 6 d. This last kind of sample

also shows an abrupt increase of HAp precipitation at 6 d

(Fig. 6).

As in the previous discussion, all the described CPCs

could be useful as bone fillers and reconstitutive materials:

in the MCPM/CC mixture a higher production of HAp is

obtained at 6 d and this probably induces a high HV. As a

result the total percentage porosity is high and easily ob-

tained starting from 3 d (78.85%). All the described data

suggest that this kind of cement has the highest d.c. at 15 d

and c.s. at 3 d, moreover they can be easily repopulated by

bone cells.

The MCPM/CC/H10 mixture shows more stable diam-

etral compression and porosity at all maturation times. The

MCPM/CC/H10 compression strength is slightly lower

than the MCPM/CC one. The compression strength of

MCPM/CC/H20 increases over time; HV also has an in-

crease at 6 d.

To sum up the MCPM/CC mixture has 30% HAp final

concentration and is characterized by high porosity (about

79%) and mechanical properties, useful as filler of bone

segments that do not undergo high mechanical stresses.

The 10% HAp addition (MCPM/CC/H10) does not sig-

nificantly affect the final total amount of HAp, but this

mixture shows more stable percentage porosity, c.s., d.c.,

and higher HV values at 15 d, but the other parameters do

not differ overmuch from MCPM/CC ones. The 20%

HAp addition negatively affects some mechanical prop-

erties (parametric means of compression strength, Hard-

ness Vickers and diametral compression at 15 d), with

almost the same HAp production efficiency of the other

mixtures.

Fig. 8 Mean values of diametral compression data as function of

maturation time for the mixtures MCPM/CC, MCPM/CC/H10 and

MCPM/CC/H20

Table 3 Compression strength values (MPa) of specimens

Compression strength 3 d 6 d 15 d Mean

MCPM/CC 1.97 ± 0.88 0.96 ± 0.43 0.72 ± 0.32 1.22

MCPM/CC/H10 0.45 ± 0.20 0.51 ± 0.22 0.50 ± 0.22 0.49

MCPM/CC/H20 0.50 ± 0.22 0.72 ± 0.32 1.59 ± 0.71 0.93
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