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Biphasic calcium phosphate bioceramics composed of hydroxy-

apatite (HA) and b-tricalcium phosphate (b-TCP) have rele-

vant properties as synthetic bone grafts, such as tunable

resorption, bioactivity, and intrinsic osteoinduction. However,
they have some limitations associated to their condition of

high-temperature ceramics. In this work self-setting Biphasic

Calcium Phosphate Cements (BCPCs) with different HA/b-
TCP ratios were obtained from self-setting a-TCP/b-TCP
pastes. The strategy used allowed synthesizing BCPCs with

modulated composition, compressive strength, and specific sur-

face area. Due to its higher solubility, a-TCP was fully hydro-
lyzed to a calcium-deficient HA (CDHA), whereas b-TCP
remained unreacted and completely embedded in the CDHA

matrix. Increasing amounts of the non-reacting b-TCP phase

resulted in a linear decrease of the compressive strength, in
association to the decreasing amount of precipitated HA crys-

tals, which are responsible for the mechanical consolidation of

apatitic cements. Ca2+ release and degradation in acidic med-

ium was similar in all the BCPCs within the timeframe studied,
although differences might be expected in longer term studies

once b-TCP, the more soluble phase was exposed to the sur-

rounding media.

I. Introduction

THE increase in life expectancy in developed countries has
led to higher incidence of bone fractures and other mus-

culoskeletal disorders related to degenerative diseases such as
osteoarthritis or osteoporosis. Although autografts, allo-
grafts, and xenografts have been used in clinical practice with
success, all of them have drawbacks1 and the design of syn-
thetic biomaterials with osteogenic properties remains an
open challenge.2 In this context, calcium phosphates are
promising materials, due to their similarity to the mineral
phase of bone.3,4

Biphasic Calcium Phosphates (BCPs) were introduced in
the late 1980s5 in an effort to design synthetic bone grafts
with tunable resorption rate. They are composed of
Hydroxyapatite (HA), the most stable calcium orthophosphate
(solubility at 25°C, �log (Ks) = 116.8), and b-Tricalcium
phosphate (b-TCP), a more soluble compound (solubility at
25°C, �log (Ks) = 28.9),6 with varying HA/b-TCP ratios.
The resorption and bioactivity of BCPs can be controlled by

changing the HA/b-TCP ratio and the crystallinity of the
ceramic.7

In recent years it has been shown that, in addition to
being osteoconductive (promoting bone ingrowth in direct
contact with their surface), BCPs are also osteoinductive, i.e.,
they are able to foster differentiation of stem cells to the
osteogenic lineage, leading to bone induction even in a non-
osseous environment. This capacity, that initially was associ-
ated to the action of some growth factors, such as bone
morphogenetic proteins, can also be triggered by some mate-
rials with specific chemical and structural characteristics.8–10

This is the case of BCPs, where a proper combination of
chemical composition, macroporosity, and microporosity has
been shown to promote osteogenesis in vivo,11,12 even without
the addition of exogenous growth factors. In addition to spe-
cific microstructural features, the higher release of Ca2+ ions
by BCPs when compared with pure HA is proposed to be
one of the parameters that explain the higher osteoinductive
potential of this group of materials.12,13

Biphasic Calcium Phosphates are normally obtained by
high-temperature sintering of calcium-deficient apatites or
other calcium phosphate precursors,7 with the limitations
associated to this type of materials, e.g., they can be
obtained only as preformed ceramics or granules. The objec-
tive of this work is to obtain self-setting BCPs, which would
add to the benefits of osteoinductive BCP ceramics, the
advantages associated to calcium phosphate cements like
mouldability or injectability. It is known that a-tricalcium
phosphate [a-TCP, solubility at 25°C, �log (Ks) = 25.5] hy-
drolyses to a calcium-deficient HA (CDHA) upon setting.14

Our hypothesis was that a biphasic HA/b-TCP material
could be obtained from a mixture of a-TCP and the less sol-
uble polymorph b-TCP, upon reaction with an aqueous solu-
tion. In the study, the properties of new biphasic calcium
phosphate cements (BCPCs) with different a-TCP/b-TCP
ratios were characterized, paying special attention to the set-
ting reaction, mechanical properties, degradation, and ion
release.

II. Experimental Procedure

(1) a-TCP and b-TCP Preparation and Characterization
Alpha-tricalcium phosphate (a-Ca3(PO4)2, a-TCP) was
obtained by heating calcium hydrogen phosphate (CaHPO4;
Sigma Aldrich C7263, St. Louis, MO) and calcium carbonate
(CaCO3; Sigma Aldrich C4830) at a molar ratio of 2:1, at
1400°C for 2 h, followed by quenching in air. Beta-tricalcium
phosphate [b-Ca3(PO4)2, b-TCP] was obtained by heating for
5 h at 1100°C the same reactants and slow cooling to room
temperature.

Subsequently, a-TCP and b-TCP were milled in an agate
ball mill (Volume of the jar = 500 mL) (Pulverisette 6, Fritsch

J. Ferreira—contributing editor

Manuscript No. 33441. Received June 28, 2013; approved January 20, 2014.
†Author to whom correspondence should be addressed.

e-mail: maria.pau.ginebra@upc.edu

1065

J. Am. Ceram. Soc., 97 [4] 1065–1073 (2014)

DOI: 10.1111/jace.12861

© 2014 The Authors. Journal of the American Ceramic Society published by Wiley Periodicals, Inc. on behalf of American Ceramic Society (ACERS)

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

Journal



GmbB Idar-Oberstein, Germany). The milling protocols were
adjusted to obtain similar particle size distributions in both
powders. Given the different crystal structures of the two
polymorphs, together with the different initial grain size due
to different thermal treatments, to obtain similar particle size
a different milling protocol had to be implemented for each
polymorph. Thus, a-TCP was milled at 450 rpm for 15 min,
with a weight ratio powder/balls = 0.50, and b-TCP was
milled at 150 rpm for 60 min, with a weight ratio powder/
balls = 0.42, using 10 agate balls (d = 30 mm) in both cases.

The particle size distribution of the powder was measured
by laser diffraction (LS 13 320 Beckman Coulter, Brea, CA).
The powder was previously dispersed in ethanol in an ultra-
sonic bath to avoid the presence of agglomerates during mea-
surement. Specific Surface Area (SSA) was determined by
Nitrogen Adsorption following the Brunnauer–Emmet–Teller
method (BET) in an ASAP 2020 (Micromeritics, Norgross,
GA). Phase composition was assessed by X-ray powder dif-
fraction (XRD; PANalytical, X’Pert PRO Alpha-1) by scan-
ning in Bragg-Brentano geometry using CuKa radiation
(k = 1.5406 A). The experimental conditions used were 1.5 h
of scan time with 2h scan step of 0.020° and scan range
between 4° and 100°, with measuring time of 50 s per step.
X-ray generator parameters: voltage 45 kV and intensity
40 mA. To analyze BCPCs the samples were crushed to pow-
der with a mortar. The diffraction patterns were compared
with the Joint Committee on Powder Diffraction Standards
for a-TCP (JCPDS No. 9–348), b-TCP (JCPDS No. 9–169)
and HA (JCPDS No. 9–432).15 Rietveld refinements were
carried out in triplicate to quantify the phases present. The
Inorganic Crystal Structure Database was used, including
structural models for a-TCP (ICSD no. 923), b-TCP (ICSD
no. 6191), and HA (ICSD no. 151414).16

The presence of an amorphous phase was assessed by the
external standard method, adding a known amount of a zinc
oxide standard (Panreac 141786-1210, Barcelona, Spain) to
the different studied powders. Rietveld refinements were car-
ried out using the FullProf Suite software package to quan-
tify the phases present using the Inorganic Crystal Structure
Database (ICSD) including structural models for a-TCP
(ICSD no. 923), b-TCP (ICSD no.6191), HA (ICSD no.
151414), and ZnO (ICSD no. 26170).

(2) Biphasic Cement Preparation
Biphasic cements (BCPCs) were prepared by mixing the pow-
der, consisting of combinations of a-TCP and b-TCP in vari-
ous proportions, with an aqueous solution of 2 wt%
Na2HPO4 (Panreac) at a L/P ratio of 0.35 mL/g. Subse-
quently, the cement paste was put in Teflon moulds and
immersed in Ringer’s solution at 37°C for 7 d to allow the
complete reaction of the cement. Hereafter, the biphasic
CPCs will be named according to the amount of b-TCP (0,
20, 40, 60, 80, and 100 wt% b-TCP).

(3) Cement Characterization
The initial and final setting times of the cement pastes were
determined with Gillmore needles according to the C266-
ASTM standard.17 The cohesion time was determined by
visual inspection after immersion of the samples in deionized
water at 37°C.18

The compressive strength was evaluated in cylindrical
specimens (12 mm height 9 6 mm diameter) at a cross-head
speed of 1 mm/min using a Servohydraulic Testing Machine
MTS BIONIX 358 (Eden Prairie, MN). Six replicates were
prepared for each cement formulation. The surface micro-
structure of the BCPCs coated with Au was investigated by
Field Emission Scanning Electron Microscopy (FE-SEM;
Hitachi H-4100FE, Tokyo, Japan).

To ascertain the bulk microstructure of 0% and 80%
b-TCP cements, Focus Ion Beam tomography (FIB; Zeiss

Neon40, Oberkochen, Germany) was performed. A
30 lm 9 30 lm 9 25 lm parallelepiped was cut, coated
with Au–Pd and cut in slices and FE-SEM pictures were
taken to reconstruct the 3D material structure.

The SSA of the BCPCs was measured by Nitrogen adsorp-
tion according to the Brunauer–Emmet–Teller (BET)
method, and the cement phase composition was evaluated by
X-ray diffraction analysis (XRD; Philips MRD, Almelo, The
Netherlands) and studied by Rietveld refinement as described
in section II (1).

The porosity and pore entrance size distribution was mea-
sured by mercury intrusion porosimetry (MIP; Autopore IV
9500, Micromeritics).

(4) Ion Release and Accelerated in vitro Degradation Test
Set BCPC discs (2 mm height 9 15 mm diameter) were
prepared and introduced in 1.5 mL of MilliQ water. At dif-
ferent time points of 2, 6, 10, 24, 48, and 72 h the samples
were removed and the Calcium concentration in the media
was analyzed with an Ion-selective electrode (ILyte Na/K/
Ca/pH, Instrumentation Laboratory, Bedford, MA). Three
replicates of each formulation were prepared and measured
at each time point.

In vitro degradation of BCPCs was evaluated under accel-
erated conditions in acidic solution during 8 h.19,20 Set discs
(2 mm height 9 15 mm diameter, which accounts for an
apparent surface of 447 mm2) were prepared and dried in an
oven at 120°C until constant weight. A control consisting of
100% b-TCP compacted discs was also evaluated, with the
aim of assessing if the fact of using as-milled powders instead
of hydrated ones had some effect on the dissolution rate of
pure b-TCP. The compacted discs (2.7 mm height 9 9 mm
diameter) were prepared by compressing b-TCP powders
(0.5 g) at 10 kN, for 10 s. To maintain a total apparent sur-
face similar to the BCPC samples, two b-TCP compacted
discs were used for each experiment (accounting for an
apparent surface of 407 mm2).

Each sample was introduced in 50 mL of a pH 2 aqueous
solution (0.01M HCl and 0.14M NaCl) at 37°C. The medium
was refreshed every hour and the specimens were weighted
after carefully removing remaining droplets on the surface
using a wet paper. The assay was performed in triplicate for
8 h. After the assay, samples were dried in the oven at 120°C
until constant weight to calculate the weight loss. Given the
low pH of the solutions, the ion-selective electrode could not
be used, and the concentration of calcium at each time point
was obtained by reaction with ortho-cresolphthalein com-
plexone (OCPC, Sigma-Aldrich�) to obtain a colored solu-
tion20 which was measured by absorbance in a UV–vis
spectrometer (Infinite M200 Pro Microplate Reader;
TECAN, M€anndorf, Switzerland). The values were normal-
ized to the initial sample weight.

(5) Statistics
Statistical differences were determined using one-way ANO-
VA with Tukey’s post-hoc test (95%) using Minitab software
(Minitab Inc, State College, PA). Statistical significance was
noted when P < 0.05.

III. Results

(1) Powder Characterization
The XRD patterns of the a-TCP and b-TCP powders are
shown in Fig. 1, together with their particle size distribution,
as determined by laser diffraction. The two powders con-
sisted mostly of a-TCP (94.9%) and b-TCP (97.5%). The
presence of amorphous phase was estimated to be below the
limit of detection (1%) in both cases. The granulometric
parameters of the powders are summarized in Table I along
with the SSA values.
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(2) Cement Characterization
All cement formulations gave a homogeneous paste with
good workability. The results obtained for the cohesion time,
initial setting time and final setting time are given in Fig. 2.
The cohesion time was defined as the minimum time after
which the cement did not suffer disintegration when
immersed in deionized water at 37°C. All cements presented
cohesion in water after a few minutes, and as shown in
Fig. 2, cohesion time increased by adding b-TCP, irrespective
of the amount. The addition of a second phase (b-TCP) did
not alter much the initial setting time but did substantially
increase the final setting time. The 100% b-TCP cement
showed faster cohesion than the BCPCs but the final setting
time was significantly higher.

The XRD patterns of the starting BCPC powders and of
the set cements after 7 d in Ringer’s solution at 37°C are
shown in Figs. 3 (a) and (b) respectively. The phase composi-
tion of the powder mixtures and of the BCPCs after setting
as determined by Rietveld refinement is summarized in
Table II. It could be observed that a-TCP was completely

hydrolyzed to an apatitic phase, more specifically a CDHA,14

whereas the amount of b-TCP remained nearly unchanged.
The compressive strength of the different BCPCs is shown

in Fig. 4 (a). A linear decrease could be observed in the com-
pressive strength of the BCPC with the increase in b-TCP
amount. The total porosity slightly increased with the addi-
tion of b-TCP [Fig. 4 (c)]. The pore size distribution of the
BCPCs [Fig. 4 (d)] was broad (between 6 nm—lower limit of
the technique—and 3 mm for the 100% b-TCP composition).
The 0% b-TCP showed a broad peak centered around

Table I. Particle Size Distribution Parameters in Volume

and Specific Surface Area of a-TCP and b-TCP Reactant
Powders

Material

D10

(lm)

Median

size,

D50 (lm)

D90

(lm)

Specific surface

area SSA(m2/g)

a-TCP 0.684 3.855 15.05 0.975 � 0.006
b-TCP 0.963 6.561 23.04 0.739 � 0.003

(a) (b)

(c) (d)

Fig. 1. X-Ray diffraction patterns of a-TCP (a) and b-TCP (b); particle size distribution of a-TCP (c) and b-TCP (d) powders. The curve
indicates the cumulative volume with focus on 50% (median) and the bars correspond to the differential volume of particles.

Fig. 2. Cohesion time, initial setting time, and final setting time of
BCPCs composed of a-TCP and b-TCP at different ratios at a L/
P = 0.35 mL/g.
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Table II. Phase Composition of the Reactants and Set Cements. The Measured Composition was Determined by Rietveld

Refinement of the XRD patterns

Material

Nominal composition

Initial powders Set cements

Measured composition (XRD/Rietveld

refinement)*

Measured composition (XRD/Rietveld

refinement)*

% a-TCP % b-TCP % a-TCP % b-TCP % HA % a-TCP % b-TCP % CDHA

0% b 100 0 94.9 2.9 2.2 0 3.7 96.3
20% b 80 20 76.7 22.8 0.5 0 21.4 78.6
40% b 60 40 54.8 44.6 0.6 1.5 37.4 61.1
80% b 20 80 17.4 82.1 0.5 0 77.8 22.2
100% b 0 100 2.4 97.5 0.1 0 99.5 0.5

*Error � 1%.

(a) (b)

Fig. 3. X-ray diffraction patterns of the starting powders (a) and the set cements (b) for the different BCPCs, with increasing contents of
b-TCP. The set cements were obtained after 7 d reaction in Ringer’s solution at 37°C.

(a) (b)

(c) (d)

Fig. 4. Compressive strength (a) Specific Surface Area (SSA) of the BCPCs, and calculated SSA of the CDHA, according to the rule of
mixtures (b), Total porosity (c), and Pore Entrance Size Distribution (d) of BCPCs with different b-TCP%.
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0.01 lm, confirming previous results,21 with a shoulder
around 0.06 lm. Incorporation and progressive percentage
increase of b-TCP led to a displacement of the main peak to
higher values (0.02 and 0.04 lm for 20% and 40% b-TCP
respectively) with an intensification of the shoulder around
0.1 lm. 80% b-TCP showed a bimodal pore size distribution
with maxima at 0.1 and 0.6 lm. The first peak was still pres-
ent in the 100% b-TCP although with a lower population of
pores, together with a sharper peak around 2 lm.

The surface morphology of the various BCPCs observed
by FE-SEM is shown in Fig. 5. The b-TCP particles were not
exposed in any of the BCPCs, even those containing large
amount (80%) of b-TCP, as they were completely covered
with CDHA precipitated crystals. However, a change in mor-
phology of the crystals was observed. On the surface of
BCPCs containing low amounts of b-TCP (up to 40%), pre-
dominantly plate-like crystals were found [Figs. 5 (a–c)], some
acicular crystals were found in the 60% b-TCP [Fig. 5(d)],
and most extensively in the 80% b-TCP [Fig. 5(e)], where
much smaller needle-like crystals were formed. In the 100%
b-TCP sample [Fig. 5(f)], the shape of the initial b-TCP parti-
cles was visible, although partially covered with small crystals.
Interestingly, in spite of these microstructural changes, the
addition of b-TCP resulted in a global decrease of the SSA of
the set BCPCs [Fig. 4 (b)], as it resulted from the contribution
of both phases, CDHA and b-TCP.

The cross-sections obtained by FIB tomography provided
relevant information (Fig. 6). In the 80% b-TCP sample
[Figs. 6(a) and (b)], CDHA crystals were observed to grow
on the surface of the b-TCP particles, which were fully
embedded in the cement matrix. In the 0% b-TCP no parti-
cles were observed [Fig. 6(c)]. Instead, dense shells with
loosely packed cores that reproduced the shape of the origi-
nal a-TCP particles were found, as highlighted in Fig. 6(d).
FIB videos are included as Additional Information 1 and 2.

(3) Ion Release and Accelerated in vitro Degradation
The release of calcium in deionized water by the different set
BCPC formulations is represented in Fig. 7. Despite the
highest solubility of b-TCP when compared with CDHA,
Ca2+ release decreased when the amount of b-TCP in
BCPCs increased.

Furthermore, accelerated acidic degradation was per-
formed at pH = 2. Fig. 8 (a) shows the weight loss of the dif-
ferent BCPCs. Cements with no or low amount of b-TCP
showed similar weight losses, whereas the 80% b-TCP had
the lowest loss. The greatest weight loss was recorded for the
cement containing 100% b-TCP and for the 100% b-TCP
compacted discs, despite the fact that the apparent surface of
the compacted discs was slightly smaller. The related calcium
release in acidic media [Fig. 8 (b)] showed that all formula-
tions released calcium, the concentration increasing linearly
with time, and no significant differences were found among
the various cements. Significantly higher amounts of Ca2+

release were registered only for the 100% b-TCP compacted
discs.

IV. Discussion

In this work biphasic CDHA/b-TCP cements were obtained
by mixing two Tricalcium Phosphate (TCP) polymorphs with
different solubilities. In particular, a-TCP and b-TCP pow-
ders with particle size in the same range (Table I) were mixed
in different proportions and allowed to set. In spite of the
small differences in solubility, when the two polymorphs were
mixed with an aqueous solution only a-TCP was completely
hydrolyzed to CDHA, whereas b-TCP remained unreacted
(Fig. 3, Table II). The setting of these biphasic cements
based on a-TCP and b-TCP follows, therefore, the following
reaction (1).

3a� Ca3ðPO4Þ2 þ 3b� Ca3ðPO4Þ2 þH2O
! Ca9HPO4ðPO4Þ5OHþ 3b� Ca3ðPO4Þ2 (1)

b-TCP particles acted as nucleation points, and they
became embedded in the CDHA matrix as the reaction pro-
gressed, as represented in Fig. 9. This mechanism would also
explain the presence of smaller needle-like crystals in the
composition containing 80% b-TCP [Fig. 5(d)] because the
higher amount of b-TCP provided a greater surface for
heterogenic nucleation. After complete reaction, the b-TCP
phase remained hidden in the structure, as evidenced by the
FIB tomography for the 80% b-TCP sample [Figs. 6 (a) and
(b) and Supplementary Information]. In the 0% b-TCP the

(a) (b) (c)

(d) (e) (f)

Fig. 5. Surface microstructure of BCPCs set for 7 d in Ringer’s solution: (a) 0% b-TCP, b) 20% b-TCP, c) 40% b-TCP, d) 60% b-TCP, e)
80% b-TCP, f) 100% b-TCP.
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FIB tomography evidenced the presence of shell-like struc-
tures formed during the hydration of the a-TCP particles
[Figs. 6 (c) and (d)],21,22 which were analogous to the Hadley
grains produced during hydration of Portland cement.23,24

The presence of small precipitated crystals observed by
SEM in the 100%b-TCP sample [Fig. 5(e)], consistent with
the five-fold increase in SSA [Table I and Fig. 4(b)] could
be attributed to the hydrolysis of the small percentage of a-
TCP in the initial powder (Table II), and probably also to
the dissolution and reprecipitation of the more external
layer of the b-TCP particles that were subjected to an
amorphization due to the milling, understood not in the
sense of a new phase, but to the introduction of defects and
dislocations in the crystal network, which increased their
reactivity, as previously reported.25–29 In fact, although the
formation of CDHA was not detected by XRD, presumably
due to its small amount and low crystallinity, a narrowing

(a) (b)

(c) (d)

Fig. 6. (a) General view of FIB tomography of 80% b-TCP cement; (b) detail of the same specimen showing the b-TCP particles embedded in
the CDHA crystals. (c) FIB tomography of the 0% b-TCP cement; (d) the same image highlighting the Hadley grains formed after hydrolysis of
the initial a-TCP particles, with a dense shell and a core with bigger and loose crystals, where the size and morphology of the original particles
can be estimated. All specimens were previously set for 7 d in Ringer’s solution.

Fig. 7. Calcium release of different set BCPCs immersed in
deionized water over 72 h. The BCPCs were previously set for 7 d in
Ringer’s solution at 37°C.

(a) (b)

Fig. 8. Acid degradation assay (8 h, pH = 2): (a) Weight loss (b) Ca2+ release normalized to the sample weight. BCPCs with different amounts
of b-TCP, ranging from 0% to 100%, and compacted b-TCP powders were analysed. The BCPCs were previously set for 7 d in Ringer’s
solution at 37°C. Differences were considered statistically significant at P < 0.05. Series with statistically significant differences are marked with
different number of asterisks.
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and higher intensity of the b-TCP peaks was observed after
7 d immersion in Ringer’s solution (Fig. 3), which could be
attributed to the dissolution of the partially amorphized sur-
face of the b-TCP particles, as reported in previous
works.28

The addition of a non-reacting phase (b-TCP) modified
significantly various cement parameters, albeit to different
extents. In particular, initial setting times and cohesion were
not greatly modified. However, the final setting times clearly
increased with the addition of b-TCP, which was consistent
with the limited reactivity of this phase. The fact that the
100% b-TCP cement showed also cohesion and an apparent
setting could be explained by the powder activation produced
by ball milling, as discussed in the previous paragraph,24–29

together with the presence of small amounts of a-TCP, which
led to the partial dissolution of the particles, although limited
to the most external surface.

The hardening mechanism of a-TCP-based cements was
due to the entanglement of the precipitated CDHA crystals.
Previous studies by Ginebra et al.14 demonstrated a direct
correlation between compressive strength and % of precipi-
tated CDHA. Thus, the progressive reduction of compressive
strength with higher b-TCP percentages in the BCPC
[Fig. 4(a)] could be related to the decreasing amount of
CDHA with increasing b-TCP amounts, and therefore it
could be concluded that the b-TCP particles embedded in the
cements, rather than reinforcing the material, had a weaken-
ing effect.

These results were obtained using small b-TCP particles,
with sizes and grading similar to those of the a-TCP phase,
with the idea of favoring b-TCP dissolution. The properties
of the non-reacting phase, like particle size, shape, and sur-
face texture were expected to have an effect on the properties
of both freshly mixed and hardened cements, although this
was beyond the scope of this study. This in fact was exten-
sively studied in the case of concrete, where a non-reactive
phase (i.e., the aggregate), was embedded in the reacting
matrix (i.e., the cement). Aggregate properties were known
to affect workability and rheological properties of the paste
and also the mechanical performance of the hardened
paste.30 Thus, the use of particles with different sizes was
shown to be more effective than monodisperse particles
because of a higher packing efficiency. Bigger aggregate sizes
resulted in higher fracture energy,31 and rough-textured,
angular, and elongated particles required more water to pro-
duce workable pastes than smooth, rounded particles, this
affecting also the final mechanical properties of the mate-
rial.30,31

The addition of b-TCP also led to a decrease of SSA of
the BCPCs [Fig. 4(b)], as a direct consequence of the lower
SSA of the b-TCP particles when compared with the precipi-
tated CDHA crystals. This is compatible with the lower size
of the CDHA crystals observed in Fig. 5 (f). In fact, the total
SSA of the material results from the contribution of two
different phases, CDHA and b-TCP, following the rule of
mixtures:

SSABCPC ¼ XCDHA:SSACDHA þXb�TCP:SSAb�TCP (2)

where X is weight fraction of each of the components. If we
assume that SSA of b-TCP is constant during the whole pro-
cess (it suffers only a very limited surface dissolution), then
we can estimate a calculated SSA of the CDHA:

SSACDHA ¼ ðSSABCPC � Xb�TCP � SSAb�TCPÞ=1� Xb�TCP

(3)

As shown in Fig. 4(b), there was a drastic increase of the
estimated SSA of CDHA for the sample with 80% b-TCP,
which was in accordance with the SEM images that showed
an evolution of the microstructure from plate-like to needle-
like crystals (Fig. 5).

The porosity of BCPCs increased with growing amounts
of b-TCP, as well as the entrance pore size [Fig. 4 (c) and
(d)]. Interestingly, a significant change in the MIP curves was
found in the group with 80% b-TCP, which can be explained
by the fact that in this material the reacting phase, which
accounted for only 20% of the total, was unable to fill the
large voids between the b-TCP particles, as shown in Figs. 6
(a) and (b).

The dissolution behavior of the biphasic materials is rele-
vant not only when considering the resorption behavior of
the material in vivo, but also the ion exchange patterns,
which have been shown to affect several signaling pathways
relevant for osteogenesis. In fact, it has been shown recently
that Ca2+ plays an essential role in bone remodeling pro-
cesses. High Ca2+ concentrations are shown to stimulate
pre-osteoblast chemotaxis to the site of bone resorption, and
their maturation into cells that produce new bone.13,32 This
has been hypothesized to be behind the osteoinductive prop-
erties of some BCP ceramics. Therefore, the effect of varying
amounts of b-TCP on the release profile of calcium from the
BCPCs was studied. After the setting reaction, biphasic
CDHA/b-TCP materials were obtained. CDHA was more
soluble than stoichiometric HA (solubility at 25°C, �log
(Ks) = ~85.1 when compared with 116.8 for HA) and less
than b-TCP (solubility at 25°C, �log(Ks) = 28.9).6

Surprisingly, Ca2+ release in water was higher in the set
0% b-TCP cement, consisting in pure CDHA, and decreased
with increasing amounts of b-TCP in the material, i.e., when
the CDHA/b-TCP ratio decreased (Fig. 7). This result could
seem to be in contradiction with the fact that CDHA was
less soluble than b-TCP, and also with the behavior found in
BCP ceramics composed of HA/b-TCP, where the higher the
ratio, the lower was the extent of dissolution.7 Moreover, the
total porosity increased slightly, and the pore entrance size
also tended to increase with higher contents of b-TCP
[Figs. 4 (c) and (d)]. The behavior observed can be explained
by three factors: (i) b-TCP remained hidden within the
CDHA matrix, which impaired the contact with surrounding
media [Fig. 6 (b)]; (ii) the precipitated CDHA had a very

Fig. 9. Proposed dissolution-precipitation mechanisms involved in BCPCs cements prepared with a-TCP and b-TCP. In contact with water,
only a-TCP starts dissolving, followed by CDHA precipitation around both a-TCP and b -TCP and subsequent crystal growth.
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low crystallinity, which was known to increase solubility,
thus reducing the difference with the solubility of b-TCP;
and (iii) the decreasing SSA of the BCPC with increasing
b-TCP content, due to the lower SSA of b-TCP when com-
pared with CDHA.

In general the solubility of calcium phosphates was
strongly affected by pH, it was more soluble in acidic envi-
ronment.32 This mechanism was exploited by osteoclasts,
which triggered bone resorption by dissolving the hydroxyap-
atite contained in bone through the acidification of the extra-
cellular fluids. In fact, Silver et al. found that a pH decrease
of about 1 unit/min took place in the sealed regions under
the osteoclasts known as resorption lacunae.33 Following the
model proposed by Hankermeyer et al., in here, the acceler-
ated degradation of BCPCs was studied at pH = 2.19 The
Ca2+ release in acidic medium was similar for all BCPCs, in
spite of the different compositions (Fig. 8). Again, even in
acidic conditions the microstructure and the textural proper-
ties were more determining factors than the solubility of the
different phases present in the material, as no differences
were observed between the different BCPCs, and a higher
weight loss was found only for the 100% b-TCP cement.
Interestingly, even though the apparent surface was slightly
smaller, significantly higher values of weight loss and Ca2+

release were recorded for the as-milled compacted b-TCP
discs than for the 100% b-TCP cement. This could be associ-
ated to two different phenomena: (i) the increase in powder
reactivity in the as-milled powder, due to some degree of
amorphization of the surface of the particles produced dur-
ing milling, understood not as the formation of a distinct
amorphous phase, but to the introduction of defects in the
crystal structure, which made the particles more reactive, as
observed in previous studies25–29; (ii) the loss of reactivity of
the b-TCP powder which was mixed with water induced dis-
solution of the amorphous fraction of the mechanically acti-
vated surface of the particles and subsequent reprecipitation,
leading to the formation of a CDHA layer on the surface of
the particles of the 100% b-TCP cement [Fig. 5(f)]. This
layer, although very thin, hindered further dissolution of the
particles.34

In a previous work Lopez-Heredia et al.35 obtained cal-
cium phosphate cements, containing a and b-TCP phases in
dual form in the same granule. To this end, various thermal
treatments were applied to a-TCP to obtain different
degrees of conversion to b-TCP, so particles containing
both polymorphs in different ratios were used as powder
phase for the preparation of cements. Although their
cement formulations were far more complex than the ones
analyzed in this study, they contained other phases in addi-
tion to TCPs, such as anhydrous dicalcium phosphate and
precipitated hydroxyapatite, similar trends were found in
terms of the reduction of SSA and compressive strength
with increasing content of b-TCP. No differences were
found after 8 weeks in the in vivo behavior when multipha-
sic cements containing either dual TCP phases or only a-
TCP were implanted in tibial intramedullary cavities in gui-
nea pigs. Although only one time-point was analyzed that
could be considered relatively short, these results were in
good agreement with the lack of significant differences in
the in vitro degradation or Ca2+ release among BCPC for-
mulations found in the present study. However, a higher
dissolution and Ca2+ release from the BCPCs in vitro, and
a higher resorption rate in vivo, should not be excluded in
longer-term studies, once the more soluble phase was
exposed to the surrounding media.

V. Conclusions

Novel biphasic CDHA/b-TCP self-setting cements with a
precise control of phase composition were successfully pre-
pared by hydrolysis of a combination of a-TCP and b-TCP.
Setting times increased by the addition of b-TCP, which was

associated to the fact that the setting of the cement was
caused by the transformation of a-TCP to CDHA, whereas
b-TCP remained unaltered. The final microstructure con-
sisted of b-TCP particles embedded in the CDHA matrix.
This complex microstructure, together with the diminishing
SSA with increasing b-TCP content explains the fact that
Ca2+ release and weight loss were unaffected by the increas-
ing amounts of b-TCP in the timeframe evaluated. However,
higher dissolution and Ca2+ release from the BCPCs should
not be ruled out in longer-term studies, once the more solu-
ble phase is exposed to the surrounding media.
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