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Since their initial formulation in the 1980s, calcium phosphate cements (CPCs) have been increasingly
used as bone substitutes. This article provides an overview on the chemistry, kinetics of setting and han-
dling properties (setting time, cohesion and injectability) of CPCs for bone substitution, with a focus on
their mechanical properties. Many processing parameters, such as particle size, composition of cement
reactants and additives, can be adjusted to control the setting process of CPCs, concomitantly influencing
their handling and mechanical performance. Moreover, this review shows that, although the mechanical
strength of CPCs is generally low, it is not a critical issue for their application for bone repair – an obser-
vation not often realized by researchers and clinicians. CPCs with compressive strengths comparable to
those of cortical bones can be produced through densification and/or homogenization of the cement
matrix. The real limitation for CPCs appears to be their low fracture toughness and poor mechanical reli-
ability (Weibull modulus), which have so far been only rarely studied.

� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Owing to diseases and traumatic events, a few million patients
worldwide need to undertake bone grafting operations each year
[1]. Bone grafting, first established two centuries ago, is the proce-
dure of replacing missing or damaged bones with materials from
either the patients themselves (autograft) or donors (allograft)
[2,3].

Currently, autograft is still considered the gold standard, since
the bone harvested from the patients themselves contains living
cells and growth factors. Nevertheless, autograft has a number of
limitations, such as an additional operation on a second surgical
site with associated donor site pain and morbidity, as well as the
obvious short supply of bone sources. Alternatively, modern allo-
graft using donor bone from a regular bone bank might partly over-
come the limitation of bone supply; however, after sterilization
treatments, the bone will lose the biological factors and have im-
paired strength [4]. Furthermore, there are still concerns regarding
immunological reaction between the patient and the donor bone,
as well as disease transmission [5]; thus healing can in some cases
be unpredictable [6].

Because of the above drawbacks, there is an increasing demand
for synthetic bone substitutes, which are free from the limitations
of bone supply, inconsistency and disease [7]. Moreover, there is
the potential to use these substitutes in conjunction with the
own cells of the patient or recombinant growth factors to speed
up or improve the quality of bone regeneration; this process is
known as ‘‘tissue engineering’’ [8]. A wide range of synthetic mate-
rials, including metals [7], ceramics [9,10], polymers [11,12] and
cements [13–18]m have been proposed and developed as bone
substitutes [7]. Among them, calcium phosphate cements (CPCs)
have been attracting great attention due to their excellent biolog-
ical behavior (e.g. biocompatibility, bioactivity and osteoconduc-
tivity) [19–23].

CPCs were first created in the 1980s, by Brown and Chow
[24,25]. Since then, many CPCs with varying compositions have
been investigated and are available commercially [26,27]. CPCs
are produced by a chemical reaction between two phases – a solid
and a liquid – which, when mixed, form a paste which progres-
sively sets and hardens into a solid mass; this is similar to the ce-
ments used in civil engineering. The solid phase comprises one or
several calcium phosphate (CaP) compounds. Water or a calcium-
or phosphate-containing solution is used as the liquid and may
contain chitosan [28,29], alginate [30,31], hyaluronate [32,33], gel-
atin [34,35], chondroitin sulfate [36,37], succinate [37] or citric
acid [38,39] to allow the dissolution of the initial CaP compounds
until the oversaturation of the solution, thus inducing the reprecip-
itation of crystals. The hardening of the cement takes place through
entanglement of the reprecipitated needle-like or plate-like
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crystals (Fig. 1). Currently, despite numerous CPC formulations,
there are only two possible final products for the CPC reaction:
brushite (dicalcium phosphate dihydrate, DCPD) or apatite, such
as hydroxyapatite or calcium-deficient hydroxyapatite (CDHA)
[40]. Moreover, these two final products are mostly obtained
though two types of chemical reaction: hydrolysis and acid–base
[23,40,41]. The major difference between the two final CPC prod-
ucts is their solubility: brushite is 1-2 orders of magnitude more
soluble than apatite at physiological pH [42]. However, as brushite
is a metastable phase, in vivo transformation of brushite to apatite
may happen [40]. Moreover, apatite is similar to the calcium phos-
phates found in mammalian bones. In this review, without specific
notification, CPCs are mainly referred to as apatite.

In addition to their excellent biological behavior, the main
advantages of CPCs are that they can be injected and have the abil-
ity to harden in vivo at body temperature [22,43]. After mixing of
the solid and liquid phases, CPCs form a viscous paste, which can
be easily manipulated and shaped, and, in some cases, can be in-
jected into a defect area, not only avoiding invasive surgical proce-
dures but also providing intimate adaptation to the surrounding
bone even for irregularly shaped cavities, representing a unique
advantage over bioceramics, which are difficult to machine and
shape [44]. The characteristics of being injectable and of hardening
in vivo can also be found in acrylic bone cements (e.g. poly(methyl
methacrylate), PMMA), which find wide applications in arthro-
plasty fixation and vertebroplasty [45]. However, the hardening
process (also called polymerization) of PMMA is highly exothermic,
causing necrosis of the surrounding tissue [46]. In contrast, the
hardening of CPCs is only slightly exothermic, if at all, which is
important for biomedical applications as well as for incorporation
of different biological molecules and drugs [22,43,47–49].

Another important feature of CPCs is that they are intrinsically
microporous [50]. The micropores are left by extra aqueous solu-
tion after hardening of CPCs and/or due to intergranular spaces,
with pore size in the range of submicro/micrometers [50]. Such
micropores are useful for the impregnation of biological fluids into
CPCs, and help resorption and replacement of CPCs by bone. How-
ever, it would also be desirable to create macropores of at least
tens of micrometers in CPCs to favor bone colonization in the im-
plant, accelerating the overall process of replacement of CPCs by
bone, like in CaP bioceramics [51,52]. The pores (micro or macro)
are not only critical for the above biological behaviors in CPCs,
but also increase the CPCs’ surface area available for reaction,
enhancing their ability to load growth factors or drugs, thus mak-
ing them good candidates for bone tissue engineering.

Although CPCs appear highly promising for bone regeneration,
it is widely accepted that there are still some crucial issues that
need to be solved to satisfy clinical requirements [26,27]. Specifi-
cally, CPCs without any additives normally have poor injectability
due to the liquid – solid phase separation [53,54]. Moreover, the
Fig. 1. SEM micrograph of a CPC fracture surface showing needle-like and plate-like
crystals.
CPC pastes tend to disintegrate upon early contact with blood or
biological fluids due to their weak cohesion [55]. Another main
challenge facing CPCs is that in general they have poor mechanical
properties, not only in terms of strength, which has been widely
studied, but especially in terms of toughness, brittleness and reli-
ability, which have been rarely reported, limiting their application
to non- or moderate load-bearing places [56,57].

In the last few decades, considerable effort and many studies
have been devoted to exploring and understanding the mecha-
nisms under the aforementioned problems in CPCs and to try to
solve them, with varying degrees of success. The purpose of this
article is to provide an overview of the chemistry, kinetics of set-
ting and handling properties of CPCs for bone substitution, with
a focus on their mechanical properties, and to identify the most
significant achievements.
2. Chemistry and kinetics of CPC setting

The cement setting reaction is perhaps the most important fea-
ture of CPCs because it not only directly controls cement hardening
time and other setting properties, but also determines the nature
of the cement products, and therefore most of the physical and bio-
logical properties of the hardened cement [58].

At present, there are numerous combinations of calcium- and
phosphate-containing compounds in CPCs. However, the chemistry
of the setting reaction in these cement systems is similar, and can
be explained and understood by analyzing the solubility behavior
of the compounds involved [13,58,59]. The chemical process dur-
ing the setting reaction mainly involves two mechanisms: dissolu-
tion and reprecipitation [60]. During dissolution, the starting
powders release calcium and phosphate ions, generating a super-
saturation in the solution. Once the ionic concentration reaches a
critical value, the nucleation of the new phase occurs, generally
surrounding the powder particles. Afterwards, the new phase
keeps growing as the dissolution of the reagents continues [43].
In the above dissolution/reprecipitation process, the final composi-
tion of precipitates depends on the relative stability of the various
calcium phosphate salts in the system, and can be predicted by
using the solubility phase diagram, which describes the evolution
of solubility of a compound – in the form of the logarithm of the
total calcium (or phosphate) concentration – as a function of the
pH [13,58,59]. Specifically, a less stable (more soluble) calcium
phosphate phase would dissolve to form a more stable (less solu-
ble) one [13,58]. Since apatite is the most stable calcium phosphate
at pH > 4.2 (37 �C) and brushite is the most stable one at pH < 4.2
(37 �C), this can explain why, despite numerous CPC formulations,
there are only two main final products for the CPC reaction [13].

Solubility phase diagrams can be used to predict the thermody-
namic behavior of CPCs, but they cannot always explain the ob-
served setting and hardening behavior, and kinetics must also be
considered. Understanding the mechanisms controlling the setting
process of CPCs will help to gain a comprehensive knowledge
about their setting kinetics and then to better control their micro-
structure, which determines their applications for different pur-
poses. Currently, many CPC substitutes are based on the
hydrolysis of an a-tricalcium phosphate (a-TCP) powder, which
is used in most commercial cement formulations, so the following
section will focus mainly on the setting kinetics of a-TCP-based
CPCs. Many studies have focused on the effects of particle size
[61–64], crystallinity [65–67], temperature [68–70] and
various constituents [71–73]. Many methods, such as X-ray
diffraction (XRD) [62,65,74–76], isothermal calorimetry
[61,63,64,66,69,77,78], strength measurement [62,74,75], 31P so-
lid-state nuclear magnetic resonance imaging (NMR) [79,80],
impedance spectroscopy [80–82] and attenuated total
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reflectance–Fourier transform infrared spectroscopy [83,84] have
been used to study the evolution of setting reaction with time.

Fernandez et al. [74] estimated the extent of conversion of
a-TCP to CDHA by using the height of several selected peaks ob-
tained by XRD, assuming a quasi-constant ratio between peak
height and peak area. Ginebra et al. [75] calculated the relative
amounts of different phases existing in the specimen by using an
external standard method. Both groups of authors found that the
extent of conversion of a-TCP to CDHA could be exponentially fit-
ted as a function of hardening time.

Moreover, these two groups of authors also surveyed the evolu-
tion of compressive strength of CPCs with hardening time and de-
scribed it with exponential equations. Furthermore, they found a
linear correlation between the compressive strength and the ex-
tent of conversion [74,75]. Ginebra et al. [76] further established
a relationship between depth of reaction evolution and reaction
time, and proposed an a-TCP hydrolysis kinetics with two rate-
limiting mechanisms. The first mechanism, ‘‘surface area of reac-
tants’’, controls the reaction in the initial stage; in contrast, after
16 h, the other mechanism, ‘‘diffusion through the hydrated layer’’,
leads the rest of the reaction.

Ginebra et al. [62] investigated the effect of different particle
sizes of a-TCP on the kinetics of the setting reaction by combining
data from XRD and strength measurements. The results showed
that fine particles have a much faster rate of hydrolysis than coarse
ones. This could easily be explained by considering the fact that a
higher specific area accelerates the process of dissolution.

Despite its simplicity to use, XRD has limited ability for quanti-
tative phase analysis, especially for poorly crystallized or amor-
phous phases, so a more accurate method is required to interpret
the rate of hydrolysis and reaction mechanisms. Solid-state NMR,
especially 31P NMR, appears to be an innovative approach to over-
come the difficulties met in using XRD, since this technology al-
lows the quantification of both amorphous and well crystallized
compounds [79,80].

AC impedance spectroscopy has been used to monitor the ce-
ment setting reaction. Unlike the aforementioned mechanical
(measuring strength) and compositional (XRD or NMR) ap-
proaches, which usually inspect cement setting intermittently,
AC impedance spectroscopy is an effective method to study the
hydration process with no interval by reflecting the microstructure
development through continuous detection of the AC impedance
parameters [85]. Liu and Shen [81] used AC impedance spectros-
copy to investigate the effect of apatite seeding on the hydration
of CPC, finding that, with increasing seed content, the mean diam-
eter and porosity of CPC decrease at the beginning of hydration, but
increase at the end of hydration. Using this technology at high fre-
quencies allows for focusing on the interfacial changes; Despas
et al. [80] revealed that the setting of CPC was retarded by the
addition of alendronate, and was sensitive to the way in which
the latter was introduced to the cement formulation.

Isothermal calorimetry is a commonly used technique for the
study of reaction kinetics. Durucan and Brown [61] surveyed the
setting kinetics of CPC based on a-TCP with three particle sizes
by means of isothermal calorimetry. Their result is consistent with
the conclusion deduced from XRD that the setting reaction shows a
strong dependence on particle size. Moreover, by comparison to
the model suggested by Ginebra et al. [76], the authors proposed
a slightly different kinetic model whereby the a-TCP hydrolysis
reaction was considered to be initially controlled by a surface
mechanism, and subsequently by a nucleation and growth mecha-
nism. Brunner et al. [63] analyzed the reactivity of three amor-
phous a-TCP nanoparticles synthesized by spray flame, as well as
that of microsized a-TCP. The authors observed a pronounced in-
crease in reactivity for these nanoparticles, while the total energy
release during hardening was constant.
Gbureck et al. [65] reported that prolonged high-energy milling
of a-TCP provokes a pronounced increase in thermodynamic and
kinetic solubility which could be attributed to the formation of
amorphous a-TCP. Camire et al. [66] related milling time and reac-
tivity by means of isothermal calorimetry. It is noted that the total
energy release during the hardening reaction is two- to threefold
higher for a-TCP milled with prolonged time than without any
milling. The authors verified that the improved reactivity is due
not only to a decrease in particle size and a concomitant increase
in specific surface area, but mainly to amorphous a-TCP resulting
from a longer milling time.

Bohner et al. [78] calcined microsized a-TCP at different tem-
peratures for various durations and assessed its reactivity as mea-
sured by isothermal calorimetry. No pronounced changes in
composition, particle size or crystal size are observed; neverthe-
less, the calorimetric data show that the induction time (time to
start the reaction) increases from several minutes for a-TCP with-
out calcination to 2-3 h for a-TCP with calcination, which is spec-
ulated to be due to the disappearance of surface defects during the
calcination process.

It is well known that temperature has a significant effect on the
kinetics of chemical reactions. In general, a high temperature accel-
erates the reaction rate while a low temperature plays the opposite
role, which is the same for the hydrolysis of a-TCP. Ginebra et al.
[68] found that, with the temperature increasing from 22 to
37 �C, the time to reach a certain extent of conversion is sharply re-
duced and the compressive strength is pronouncedly improved.
TenHuisen and Brown [69] used isothermal calorimetry to study
the effect of different temperatures on the hydrolysis of a-TCP.
Their result shows that temperature has a significant effect on
reactivity, as demonstrated by the increasing heat release rate,
and on the growth rate, as indicated by a decrease in surface area
of the CDHA with increasing temperature from 30 �C up to 75 �C.

The kinetics of CPC setting also depends on the composition of
both the solid and liquid phases. Durucan and Brown [73] assessed
the reactivity of a-TCP associated with several calcium salt addi-
tives, including DCPA (dicalcium phosphate anhydrous), DCPD,
CaCO3 and CaSO4�½H2O by means of isothermal calorimetry. The
authors reported that all the additives delay the formation of HA
in an ascending order: DCPA < DCPD < CaSO4�½H2O < CaCO3. Dif-
ferent liquid phases also influence the reaction rate of CPCs.
TenHuisen and Brown [71] surveyed the effects of acetic and citric
acids on the formation of HA. They noted that the kinetics of hard-
ening strongly depends on both the concentration and the type of
acid. Acetic acid accelerates the reaction due to the increased sol-
ubilities of the reactant phases at lower pH. Conversely, retardation
by citric acid is related to the complexing and adsorbing ability of
citrate ions which are adsorbed onto a-TCP crystals and apatite nu-
clei, thus retarding both the formation of crystal nuclei and their
further growth and entanglement.

To sum up, there are many factors, such as particle size, crystal-
linity, temperature, composition and even physical modification of
the reactant surface [78], influencing the kinetics of a-TCP setting.
Due to chemical similarity, it is expected that these factors should
also play an important role in the kinetics of the setting reactions
of other cement systems [40]. Furthermore, besides the methods
mentioned above, other methods (e.g. measurement of rheological
properties, pH and calcium (phosphate) ion concentration) might
be desirable to characterize the kinetics of CPC setting [40].
3. Handling properties of CPC

Besides having excellent biological behavior, being injectable
and self-setting in vivo at body temperature are the two main
advantages of CPCs as bone substitutes. However, without any
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improvement, CPCs normally have a relatively long setting time,
poor injectability and poor cohesion [26,86,87]. A CPC paste with
a long setting time can cause problems. For instance, a severe
inflammatory response occurred when a CPC was unable to set
and disintegrated [88]. A CPC with weak cohesion can also cause
serious problems. For example, a study [89] showed that, when
in contact with blood, a CPC used for vertebroplasty caused blood
clotting, which was provoked by interfacial reactions between
blood and solid particles released from the CPC. All of the above
drawbacks are considered to be challenges that must be overcome
for the wide application of CPCs. To this end, the above handling
properties will be detailed and the methods used to improve them
will be introduced in the following subsections.

3.1. Setting time

The setting time of a CPC is often defined as the time needed for
the CPC to become strong enough to resist an applied force. Cur-
rently, the Gillmore needles method [90] is the most prevalent
method used to measure the setting time of CPCs. This is the time
from the initial setting time (the time when the cement can with-
stand a small fixed pressure exerted by a thick Gillmore needle)
and the final setting time (the time when the cement can with-
stand a high fixed pressure exerted by a thin Gillmore needle)
[91]. There is a clinical meaning to the two setting times: between
them, the cement should not be deformed because it would inter-
fere in the setting process and create potential cracks [92]. Many
strategies have been used to reduce the setting time of CPCs. It is
worth mentioning that the setting time, generally of the order of
minutes or hours, is just the starting period of the whole hardening
process of CPCs, which may last for several days or longer. Thus, as
discussed in Section 2, all of the factors which promote fast kinetics
could reduce the setting time of CPCs: (i) smaller particle size (high
specific surface); (ii) low crystallinity; (iii) accelerators in the li-
quid and solid compositions; (iv) higher setting temperature; and
(v) a low liquid-to-powder ratio (L/P ratio) [40]. Nevertheless, it
does not mean that the shorter the setting time, the better: a set-
ting time that is too short may cause the cement to be unworkable
before the surgeon finishes performing implantation. Thus it is
critical to prepare a cement with a suitable setting time (a few
minutes) so that it can set slowly enough to provide sufficient time
for the surgeon to perform implantation but fast enough to prevent
delaying the operation or causing the aforementioned problems
[41].

3.2. Cohesion and anti-washout ability

Cohesion is defined as the ability of a CPC to harden in a static
aqueous environment without disintegrating into small particles
[55]. The definition of the ‘‘anti-washout ability’’ (hereinafter
‘‘anti-washout’’) is similar to that of cohesion, except that the for-
mer is evaluated in a dynamic aqueous environment. Because of
their similarity, cohesion time and anti-washout time are usually
examined as a whole, even though the latter is longer. Great efforts
have been made to enhance the cohesion of CPCs. In fact, the cohe-
sion of a CPC paste can be viewed as a competition between forces
acting on the particles and forces acting between the paste and the
surrounding fluid, the latter forces being mainly governed by the
difference in osmotic pressure between the cement interstitial
fluid and the surrounding liquid [86]. Thus, methods which lead
to strong attractive forces between CPC particles or weaken osmo-
tic pressure can be used to improve cohesion. Similar to the meth-
ods used to decrease setting time, the same strategies, such as
using a smaller particle size and decreasing the L/P ratio, can be ap-
plied to strengthen particles’ interactions, thus enhancing cohe-
sion. Moreover, increasing the viscosity of the mixing liquid has
proved to be another effective approach to improve cohesion.
Numerous biopolymers, such as sodium alginate [30], hydroxypro-
pyl methylcellulose (HPMC) [93,94], hyaluronic acid [32], chitosan
[95,96] and modified starch [97], have been admixed either to the
powder or to the liquid of CPCs. Small amounts of these biopoly-
mers can significantly improve the cohesion and anti-washout of
CPCs. Based on these studies, Bohner et al. [86] performed a theo-
retical and experimental study to test the effect of various param-
eters potentially affecting the cohesion of cement pastes. Their
results suggested that the two best methods to increase the cohe-
sion of a cement paste are to decrease the particle size of the start-
ing powders and to use a viscous solution. However, despite the
prominent effect of these viscous solutions on the improvement
of the cohesion of pastes, they may in some cases compromise
the setting time and mechanical properties [55].
3.3. Injectability

There is presently no common understanding in the biocement
community about the meaning of injectability. For many authors,
injectability is related to the injection force that has to be applied
to a syringe so as to deliver the cement paste [27]. However, this
definition appears not to measure the injectability of a paste but,
rather, its ease of injection, which is strongly dependent on the
injection system (e.g. type of syringe, needle size, injection speed)
[27,53,98,99]. Moreover, this definition does not consider the qual-
ity of the extruded paste, in which phase separation (also called fil-
ter-pressing) may happen, probably causing a deviation of the
actual composition of the extruded paste from the initial one
[97,100]. Due to this deviation, it becomes unclear whether the set-
ting, mechanical and biological behaviors of the extruded cement
are still clinically acceptable [41]. In fact, it is the filter-pressing
which has been shown to be the mechanism underlying the limited
injectability of a CPC paste [54]. Thus Bohner and Baroud [27,53]
redefined the injectability of a paste as the ability to stay homoge-
neous (without filter-pressing) during injection, independent of
the injection force.

Many methods have been used to reduce or eliminate filter-
pressing in order to improve the injectability of CPC pastes.
Khairoun et al. [100] surveyed the factors which control injectabil-
ity, and found that the injectability was significantly enhanced by
increasing the L/P ratio and injecting soon after cement mixing.
Ishikawa [101] observed that a CPC paste made of round particles
was more injectable than one made of irregular particles.
Furthermore, various additives have been added to CPCs, either
in the powder or in solution, to try to improve injectability.
Andrianjatovo and Lemaitre [102] observed an obvious improve-
ment in injectability by adding polysaccharides. Burguera et al.
[103] and Liu et al. [94] added different methylcellulose or HPMC
solutions to CPCs and obtained a strongly improved injectability.
Sarda et al. [39] found that, with the addition of citrate ions, the
injectability of a CPC paste was increased by 50–100%. According
to various observations, Bohner and Baroud [53] conducted a the-
oretical and experimental study on the injectability of CPCs. They
found that, of all the parameters (including decreasing particle
size, increasing L/P ratio, using round particles, using deagglomer-
ated particles, using particles with a broad size distribution, adding
ions or polymers decreasing particle interactions and increasing
the viscosity of the mixing liquid) that could be used to improve
injectability, the best strategy is to increase the viscosity of the
mixing liquid.

In summary, according to the above review, it can be concluded
that the best way to improve cohesion and injectability of CPCs is
to use a viscous solution as the liquid phase. However, these vis-
cous solutions may compromise the setting time or the strength.
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4. Mechanical properties of CPC

For most surgical applications, the two most important proper-
ties of materials are mechanical properties (‘‘strength’’) and chem-
ical properties (reactivity). Thus, both mechanical properties and
reactivity should be taken into account when developing a new
biomaterial. As for the former, it is well known that, from a mate-
rial science point of view, the mechanical properties of a material
Table 1
Composition and mechanical properties of CPCs prepared with different processing param

Composition matrix/additive/fiber (or porogen) Porosity (%) CS (

HA (a-TCP)/-/- 9–3
HA (a-TCP + pHA)/-/- 45–67 1–3
HA (a-TCP + pHA)/-/- 34–51 39–
HA (a-TCP + b-TCP + pHA)/-/- 1–4
HA (a-TCP + DCPA + CaCO3 + pHA + NaHCO3)/-/- 39–60 1–1
HA (milled b-TCP)/-/- 40–45 7–5
HA (TTCP + DCPA)/-/- 31–50 4–3
HA (TTCP + DCPA)/-/- 34–
HA (TTCP + DCPA)/-/- 58–
HA (TTCP + DCPA)/-/- 27–39 129
HA (TTCP + DCPA)/-/- 10–
HA (TTCP + DCPA)/-/-
HA (TTCP + DCPA + pHA or b-TCP)/-/- 43–
HA (a-TCP + DCPD)/-/- 20–
HA (MCPM + CaCO3 + pHA)/-/- 59–79 0.5–
HA (MCPM + Ca(OH)2 + pHA)/-/- 45–47 5–1
HA (b-TCP + CaCO3 + MCPM)/-/- �50
Brushite (b-TCP + MCPM + Na2H2P2O7)/-/- 37 10.7
Brushite (b-TCP + MCPM)/-/- 26–42 8–2

HA (a-TCP)/citric acid/- 3–6
HA (a-TCP)/citric acid, chitosan, glucose/- 2–2
HA (a-TCP + pHA)/HPMC or MC/- 49–53 24–
HA (a-TCP + pHA)/polysorbate 80/- 51–79 0.1–
HA (a-TCP + pHA)/albumen/- 47–77 0.6–
HA (a-TCP + pHA)/poly(4-HMA)/- 5–4
HA (a-TCP + DCP + pHA)/CaCO3/- 2–7
HA (TTCP + DCPA)/chitosan lactate/-
HA (TTCP + DCPA)/trisodium citrate or citric acid/- 16–34 62–
HA (TTCP + DCPA)/chitosan, chitosan-malate, chitosan-lactate/- 8–6
HA (TTCP + DCPA)/sodium alginate/-
HA (DCPA + CaCO3 + pHA)/polyacrylic acid/- 44 75
Brushite (b-TCP + MCPM)/citric acid/- 11–34 18–
Brushite (b-TCP + MCPM)/sodium citrate or citric acid/- 15–32 10–
HA (a-TCP + pHA)/-/mannitol 41–77 2–5
HA (TTCP + DCPA)/-/NaCl particles �74 1.5–
HA (TTCP + DCPA)/-/NaCl particles 54–81 1.8–
HA (TTCP + DCPA)/-/Na2HPO4 ice flakes 31–63 0.4–
HA (TTCP + DCPA)/-/sucrose, NaHCO3, Na2HPO4 particles 38–70
HA (TTCP + DCPA)/-/gelatin microsphere 65–70 2–6
HA (PCCP + DCPA)/-/PLGA microsphere 10–
HA (a-TCP + DCPA + pHA)/-/PLGA microsphere 58–84 4–3
HA (a-TCP + DCPA + CaCO3 + pHA)/-/ PTMC microsphere 40–70 15–
HA (a-TCP)/-/polyamide fiber 52–55 9.5–
HA (TTCP + DCPA)/-/HA whiskers 41–44
HA (TTCP + DCPA)/-/PLGA fibers 36–
HA (TTCP + DCPA)/-/aramid, carbon, E-glass, polyglactin fibers
HA (TTCP + DCPD)/-/glass fibers 0.6–
HA (PCCP + DCPA)/-/CNT 26–
HA (a-TCP + DCPA + CaCO3 + pHA)/-/PCL and PLLA 56–71
HA (TTCP + DCPA)/-/aramid fibers (mannitol) 46–71
HA (b-TCP + DCPA)/BSA/MWCNT 1–1
HA (PCCP + DCPA)/sodium citrate/PLGA microspheres 2–3
HA (TTCP + DCPA)/chitosan lactate/mannitol 35–83
HA (TTCP + DCPA)/chitosan lactate + NaHCO3 + citric acid/PLGA 47–79
Brushite (b-TCP + MCPM)/sodium citrate/mannitol 17–

CS: Compressive Strength; FS: Flexural Strength; Eb: Effective elastic modulus in bending;
TTCP: tetracalcium phosphate; MCPM: monocalcium phosphate monohydrate; PCCP: p
benzoic acid; PLGA: poly(lactic-co-glycolic acid); PTMC: poly(trimethylene carbonate); PC
carbon nanotubes; MWCNT: multi-walled carbon nanotubes.

a Diametrical tensile strength.
b Tensile strength.
c Effective elastic modulus in compression.
are determined by its microstructure. Different fabrication routes
and processing parameters result in a variety of microstructural
features. Thus, microstructure is the crucial connecting link be-
tween fabrication and mechanical properties. Any attempt to di-
rectly relate mechanical properties to fabrication without relating
both to microstructure will be completely impractical and mean-
ingless for a theoretical understanding and the effective design of
targeted properties. Therefore, microstructure–mechanical
eters.

MPa) FS (MPa) Eb (GPa) KIc (MPa.m1/2) WOF (kJ/m2) Ref.

8 [104]
4 1–6a [105]
103 4.5–9 0.15–0.5 [106]
0 [62,68,75]
5 [107]
2 1.4–6a [108]
7 0.5–3c [109]
49 [110]
66 7–13a [111]
–174 11–18 4–6 [112]
37 [113]

1.5–12a [114]
60 [81]
65 [115]
2 2–15a [116]
7 [117]

0.5–1.3 0.7–2.6 <0.2 [118]
1.3b 7.9c [119]

5 2–4.5a

4.4–8.5b
[120]

0 [39]
3 [95]
31 0.22–0.24 [94]
17 [121]
38 [122]
0 5–9 [123]
0 [124]

8–20 4–6 0.18 –0.23 [125]
180 [126,127]
6 4.5–17 2.5–6.5 [96]

0.5–13.5a [30]
3.5b 13.5c [119]

52 [128]
26 [129]
0 1–16.5 0.5–9.7 0.05–0.3 [130]
4.5 [131]
6.5 [132]
37 0.018–2.9c [133]

0.4–10a [134]
[135]

23 0.4–1.8c [136]
0 0.4–3.4c [137]
64 0.5–5.5c [138]
13 [139]

4.7–7.4 0.04–0.1 [140]
82 11–17 0.02–0.95 [141]

13–62 2–7 0.01–10 [142]
3.7 0.097–0.14c 0.09–0.54 [143]
59 [144]

2.5–7.5 14–49 0.01–0.5 [145]
2–43 0.8–8.5 0.005–6.6 [146]

6 [147]
2 [148]

1–24 0.1–5.5 0.01–0.32 [149]
2–20 0.3–1.8 0.2–4.4 [150]

46 2.5–5.5c [151]

KIc: Fracture toughness, WOF: Work Of Fracture; pHA: precipitated hydroxyapatite;
artially crystallized calcium phosphate; 4-HMA: 2-hydroxy-4-N-methacrylamido-
L: poly(e-caprolactone); PLLA: poly(L-lactic acid); BSA: bovine serum albumin; CNT:



Fig. 2. Compressive strength of CPCs compiled from different studies as a function
of total porosity. The red line includes strength data of brushite CPCs. The black line
includes strength data of apatite CPCs. The green line demonstrates the strength
data of apatite CPCs containing macropores. The insert in the up-right corner shows
the power law fittings of all the data points of compressive strength of brushite,
microporous apatite and macroporous apatite respectively.
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properties relations will be taken into account throughout the fol-
lowing subsections.

Unlike bioceramics, which need sintering at a high temperature,
CPCs are formed through a dissolution–reprecipitation process at
room or body temperature. During this process, an entangled net-
work of apatite crystals is formed, which is responsible for the
mechanical properties of CPCs. With time, apatite crystals continue
to grow and the entangled network becomes denser until the ce-
ment achieves its maximal mechanical properties. A complete list
of data of mechanical properties is given in Table 1, along with
the cement system (matrix/additives/fiber or porogen) used. The
data are listed to give an idea of the variety of mechanical proper-
ties of CPCs prepared with different processing parameters. Care
should be taken in comparing the absolute values.

Most mechanical properties were assessed using compressive
or tensile loading, giving values of the compressive or tensile
strength and, sometimes, the corresponding effective elastic mod-
ulus. It is worth noting that, due to the difficulty of directly mea-
suring the tensile strength of CPCs, in most studies alternative
methods (indirect tensile tests) of measuring flexural strength or
diametral tensile strength (DTS) were used, although normally a
bending test gives higher values and the DTS test gives lower val-
ues compared to the true tensile strength [120]. In contrast, few
studies about toughness [94,106,118,125,130,149,152] and reli-
ability [109,130,133,153] have been reported. The mechanical
properties of CPCs are strongly dependent on their microstructural
features, such as porosity (pore fraction and size), amount, size,
morphology and distribution of formed apatite crystals. Further-
more, these microstructural features are related to all the techno-
logical factors involved in the fabrication of CPCs. Therefore it is
imaginable that all the factors, such as the chemical composition
of the cement, the relative proportions of the reactants in the mix-
ture, powder or liquid additives acting as accelerators or retarders,
particle size, L/P ratio, pressure applied during sample preparation
and aging conditions, will affect its mechanical properties.

Porosity is one of the main parameters influencing both the bio-
logical activity and the mechanical properties of biomaterials. As
mentioned previously, one special feature of CPCs is that they are
intrinsically microporous. The microporosity of CPCs, which usu-
ally varies between 30 and 55%, is significantly dependent on the
L/P ratio: the higher the L/P ratio, the higher the microporosity
[106]. As well as intrinsic micropores that allow for impregnation
of biological fluids, macropores are also desirable to enable bone
ingrowth into the CPC, concomitantly improving its bioresorption
and accelerating its replacement by new bone. The most common
techniques used to create macropores in CPCs are porogen leach-
ing, which produces macropores after setting [106,132–
135,146,151,154–157], and gas foaming, which creates macrop-
ores before setting [105,107,150,157,158]. However, neither
method is exempt from drawbacks. On the one hand, for porogen
leaching, it is necessary to add a large amount of a porogenic agent
to guarantee interconnectivity, which often compromises the
injectability of the CPC paste [136]. On the other hand, for gas
foaming, the liberation of gas after the implantation of the cement
paste could have harmful effects on the organism [122]. In order to
avoid these problems, Ginebra et al. [122] proposed a new method
to fabricate macroporous CPCs by mixing the cement paste with a
pre-prepared foam.

4.1. Strength

Despite the different functions of micropores and macropores in
biological activity, it is widely accepted that both types of pores are
detrimental to strength. In Fig. 2, data from studies extracted from
Table 1 are compiled to illustrate the range of compressive
strength for CPCs over a wide range of porosity, resulting from
different fabrication routes and processing parameters. It is worth
mentioning that, besides the effect of the pore itself, the sample
testing conditions (dry and wet samples) also have a great influ-
ence on the compressive strength values measured. In Fig. 2, most
of the data points are values of compressive strength measured
using wet samples; the few exceptions will be detailed later. More-
over, considering the testing conditions, it should be noted that,
similar to most brittle materials, the tensile or bending strength
of CPCs is usually much lower than their compressive strength,
as seen in Table 1, where in some cases both tests were performed.
Indeed, brittle fracture proceeds by crack propagation from pre-
existing flaws like microcracks, and it is normally easier to propa-
gate a crack in tension than in compression [159].

Several trends can be observed in Fig. 2. First, the compressive
strength spans almost three orders of magnitude across studies,
from 0.2 to 184 MPa for porosities of 11-84%. The data show that
CPCs can be prepared with compressive strengths comparable to
those reported for human cancellous bone (4-12 MPa) [160] or cor-
tical bone (130-180 MPa) [160]. This result may be surprising to
many researchers, who usually presume that CPCs are not suitable
candidates to be used in load-bearing places. This point will be fur-
ther detailed in Section 4.4. Secondly, regardless of the CPC compo-
sition (apatite or brushite), the strength decreases globally with
increasing porosity, which is a common occurrence in materials
science and has been widely observed in other porous materials
used for bone substitution [160–163]. Moreover, with comparable
porosities, apatite cements generally have higher strengths than
brushite cements, which is also consistent with other reported
facts [41]. Finally, it can be observed that the introduction of mac-
ropores into CPCs usually (though not always) provokes a sharp
decrease in strength within a narrow range of porosity. For exam-
ple, Liu et al. [94] found a 23% decrease in strength, from 31 to
24 MPa, with just a 1% increase in porosity, from 49% porosity for
a microporous cement to 50% porosity for a microporous and mac-
roporous cement. A similar phenomenon was also observed in
Almirall et al.’s study [105]: a 69% reduction in strength, from 28
to 8.8 MPa, with a 3% increase in porosity, from 48 to 51%. In order
to further demonstrate this trend (a steep decrease in strength for
macroporous cements), a power law [164] was used to fit all of the
data points of the compressive strengths of brushite, microporous
apatite and macroporous apatite cements. The inset in Fig. 2 shows
the fittings of the three types of cement. As seen in the inset, once
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macropores are introduced into microporous cements, the com-
pressive strength decreases by a factor of �2 (compare, for in-
stance, both of the fitted trends in the range 50-60% total
porosity in the inset of Fig. 2). This obvious variation in strength,
resulting from the addition of macropores, has been observed in
other brittle biomaterials, like bioceramics; for instance, Pecqueux
et al. [162] considered the introduced macropores as large critical
flaws provoking fracture. The steep decrease in strength is not ob-
served in all of the macroporous CPCs shown in Fig. 2, which may
be because these macroporous CPCs have no strength data avail-
able with a porosity adjacent to control cements without macrop-
ores. Overall, however, the detrimental effect of macropores on the
strength of CPCs is significant. The strength is reduced drastically
by increasing the amount of macroporosity, being several times
or even orders of magnitude lower than that without macropores.
Moreover, the strength of macroporous CPCs is less variable at high
porosities (60–85%). The strengths of macroporous CPC in
Habraken et al.’s study [138] are generally higher than those in
other studies with comparable porosities. This may be attributed
to the fact that their strength tests were conducted on dry samples.
Indeed, it has been reported that in similar conditions dry samples
have a higher strength than wet samples, which seems to be a gen-
eral feature [120,127,130], although it has been rarely reported
explicitly.

Besides the effect of pore fraction, pore size also significantly af-
fects the strength of CPCs. Bai et al. [131] fabricated macroporous
CPCs with equivalent total porosity but with different macropore
sizes, finding that the compressive strength is inversely propor-
tional to macropore size. This result is in accordance with other
studies on ceramics [162,165], and can be explained by the classic
Griffith theory [166], which relates strength to critical flaw size; in
this case, macropores can be considered to act as large critical
flaws, hence reducing strength.

The characteristics of apatite crystals (amount, size, morphol-
ogy and distribution) also have important effects on the strength
of CPCs. These characteristics are dependent on the cement disso-
lution–precipitation process, the kinetics of which can be con-
trolled by many factors, as discussed in Section 2.2. It is
therefore expected that these factors will affect the characteristics
of apatite crystals, which in turn influence the strength of CPCs.

Particle size significantly affects the kinetics of CPC setting.
The smaller the particle size of the starting materials, the faster
they will convert into apatite and the smaller the apatite crystals
formed, which, in turn, will lead to more and dense crystal
entanglement and thus to an increase in strength [110]. A simi-
lar trend has been reported by Zhang et al. [106], but was attrib-
uted to the presence of larger flaws in the case of cements
prepared with a coarse powder. Otsuka et al. [167] reported an
increase in the compressive strength of a CPC when the specific
surface of the precipitated phase increased. However, Ginebra
et al. [62] argued that there was no improvement in the final
strength of a CPC prepared from a fine powder. They explained
that a fine initial powder could lead to a more compact micro-
structure, but with a smaller fraction of empty space between
crystals and some cavities where initial particles were located,
which had a weakening effect; in contrast, a coarse initial pow-
der could result in a less densely packed but more homogeneous
microstructure.

The aging condition is another main factor influencing the
kinetics of apatite formation, although in most cases it is under-
taken in Ringer’s solution at 37 �C. At higher temperatures the
starting particles transform into apatite more quickly, and the
microstructure of CPCs is more homogeneous and dense, leading
to a higher strength, which is clearly apparent in the early stage
of hardening [68]. However, with increasing hardening tempera-
ture, the growth rate of precipitated apatite crystals is also faster,
resulting in a larger crystal size [69], which might have a detrimen-
tal effect on the final strength.

Different additives functioning as accelerators or retarders, and
mixed with the powder or liquid phase of the cement, also have
important effects on the strength of CPCs by controlling their
kinetics of setting and ultimately their microstructure. Apatite par-
ticles are solid-phase additives that are frequently employed as
seeds to promote the formation of apatite in CPCs
[40,73,81,117,168–171]. Brown and Fulmer [170] indicated that
apatite seeds accelerated the initial setting reactions but did not
appear to have major long-term effects on the extent of reaction
or on microstructural development. Both Bermudez et al. [169]
and Yang et al. [117] observed that, by adding certain amounts of
apatite seeds, the setting time of CPCs decreased and the compres-
sive strength concomitantly increased; conversely, however, ex-
cess apatite prolonged the setting time and decreased the
compressive strength. Yang et al. [117] attributed the evolution
in strength to variation in the morphology of the precipitated apa-
tite crystals with the amount of apatite seeds. Furthermore, in con-
trast to these studies, Liu and Shen [81] argued that both setting
time and compressive strength decreased with increasing amount
of apatite seeds. Besides the addition of accelerators to the solid
phase, adding accelerators to the liquid phase has been reported.
Ishikawa et al. [114] used a cement liquid containing PO3�

4 anions
in apatite cements, and found that formation of both apatite and
DTS during the first 3 h was significantly increased by the presence
of phosphate ions. However, the phosphate produced no significant
effects on the properties of the cement after 24 h. Phosphate an-
ions used as accelerators in the cement liquid have also been
widely studied in other CPC systems [40,172,173]. Unlike cement
accelerators, cement retardants delay setting, which is neverthe-
less positively correlated with a higher final strength
[73,124,174]. Fernandez et al. [124] found that incorporation of
10 wt.% CaCO3 improved compressive strength by a maximum of
40% compared to samples free of CaCO3. Similarly, Bohner et al.
[174] demonstrated that the addition of SO2�

4 improved the DTS
of a b-TCP-based cement pronouncedly. These improvements in
strength are mainly attributed to a refinement of the cement
microstructure (for instance, the incorporation of carbonate in
the apatite causes a decrease in crystallite size). Other major ce-
ment retardants that have been tested to increase the cement
mechanical properties are a-hydroxyl acids (citric acid or glycolic
acid) and their salts (sodium citrate), which allow easier mixing
of the cement and processing with a decreased L/P ratio (relating
to a decreased porosity), thus resulting in improved strength
[16,39,126,127,129,148,175]. However, these additives generally
have optimal concentrations that can be used in the cement,
whereas a higher concentration of such additives can decrease
strength [148]. The aforementioned strengthening effects, through
refinement of microstructure and reduction of porosity, can also be
realized in CPCs simultaneously [123]. Moreover, the addition of
free ions (Sr2+, Mg2+, Si4+) to the cement system usually has a retar-
dant effect on setting. Nevertheless, they do not always have a ben-
eficial effect on cement strength. Lilley et al. [176] found that the
compressive strength of Mg-substituted CPCs decreased with an
increasing amount of added Mg. The authors attributed this to an
increased porosity which was related to the addition of Mg. Simi-
larly, Saint-Jean et al. [104] revealed that the substitution of cal-
cium by strontium in HA was detrimental to its compressive
strength. The authors suggested that this inferior strength was re-
lated to the presence of larger voids between the crystals.

In summary, the mechanical properties of CPCs, and in particu-
lar strength, depend strongly on the microstructure, which is re-
lated to all of the technological factors involved in the
fabrication, such as chemical composition, powder or liquid addi-
tives acting as accelerators or retarders, particle size, L/P ratio



1042 J. Zhang et al. / Acta Biomaterialia 10 (2014) 1035–1049
and aging conditions. Moreover, a general conclusion is obtained:
crystalline structures that are more compact and homogeneous,
with smaller crystals, seem to give better mechanical properties
than less compact or less homogeneous ones with larger crystals.

4.2. Fracture toughness

Strength, especially compressive strength, has been widely
tested in studies of CPCs as a criterion (often the only criterion)
evaluating their mechanical performance. However, this notion ap-
pears to be inadequate in many cases. For example, CPCs implanted
in bone defects are usually subject to cyclic loading. The value of
strength alone cannot suitably represent the CPC’s ability to resist
fracture in such loading conditions. Moreover, strength is not an
intrinsic property, but depends both on the number and size of de-
fects (e.g. pores) and on the fracture toughness, which is a real lim-
itation for CPCs. In fact, it is the poor fracture toughness, which
describes the resistance of a material to crack propagation, and
low reliability (characteristics of brittle behavior) that prevent
CPCs from widespread use in load-bearing locations. Unfortu-
nately, however, unlike the abundant reports on strength, the liter-
ature is sparse on the fracture toughness and reliability of CPCs.
The present section and the next are dedicated to toughness and
mechanical reliability, respectively.

Fracture toughness, KIc, also called the critical stress intensity
factor, is a property which is used to describe the ability of a mate-
rial containing cracks or notches to resist crack propagation
[177,178]. The fracture toughness of a material depends on the
nature of its nano/microstructure (e.g. bond strength), and also
on the activation of several possible toughening (or reinforcement)
mechanisms, which are mainly due to microstructural features
[179,180]. Without the activation of significant toughening mech-
anisms, the basic fracture toughness of CPCs is very low (typically
KIc < 0.5 MPa.m1/2). Because of their low fracture toughness, CPCs
are very sensitive to the presence of defects and flaws (e.g. pores),
which can cause catastrophic failure, as mentioned in Section 4.1.
However, the low fracture toughness of CPCs can be improved by
a number of toughening mechanisms, which will be detailed in
Section 4.4.

A number of techniques have been used to determine the frac-
ture toughness of CPCs. Xu and co-workers [125,149] investigated
the fracture toughness of apatite cements by using the single-edge
V-notched beam (SEVNB) method. The authors found that the KIc

values are in the range of 0.01-0.32 MPa.m1/2 for CPCs with poros-
ities of 35-83%. However, in order to get accurate measurements,
the SEVNB method requires the crack to be very sharp (small notch
root radius), which is a difficult task in brittle materials [177]. In
contrast, the chevron-notched beam fracture toughness (CN)
method has the advantage of not requiring such a sharp crack
and not needing the actual crack length to be measured, and has
been widely used for brittle materials [177]. Zhang et al.
[106,130] and Liu et al. [94] used the CN method to measure the
fracture toughness of apatite cements, getting KIc values in the
range of 0.05-0.5 MPa.m1/2 for samples with porosities of 31-77%.
By using the CN method, Morgan et al. [118] found that carbonated
apatite cements with a porosity of 50% can have a fracture tough-
ness as high as 0.1 MPa.m1/2. O’Hara et al. [152] introduced chev-
ron notches into short rods of CPCs and measured their fracture
toughness, getting values between 0.1 and 0.26 MPa.m1/2. All of
the above studies show KIc values comparable to the reported val-
ues for cancellous bone (0.1-0.8 MPa.m1/2) [163] but much lower
than those for cortical bone (2-12 MPa.m1/2) [163], indicating that
more effort is still required to increase the fracture toughness of
CPCs for their application in load-bearing locations.

Despite the crucial importance of fracture toughness, in many
studies the work of fracture, cwof, has been used instead of fracture
toughness to characterize the resistance to crack propagation be-
cause of its ease of measurement [57]. cwof is the total energy con-
sumed to produce a unit area of fracture surface during complete
fracture [181]. It is calculated from the load – displacement inte-
gral divided by the nominal specimen cross-section [182]. Some
groups have used work of fracture to assess the ability of CPCs to
resist crack propagation (see Table 1). However, cwof can only be
used for comparison within a given study because it is not an
intrinsic material property but is strongly linked to specimen
geometry and to other experimental factors [160,163].
4.3. Mechanical reliability

Besides poor fracture toughness, low reliability is another
prominent factor limiting the wide applicability of CPCs in load-
bearing places. The reliability or the probability of failure of brittle
materials can be characterized using Weibull statistics. The basic
Weibull probability function [183,184] using the strength data
ranked in ascending order is usually written as

Pf ¼ 1� exp � rr � ru

r0

� �m� �
ð1-1Þ

where Pf is the probability of failure, rr is the fracture strength, ru

is the threshold stress below which no failure occurs in the material
(for most brittle materials, ru = 0 can be taken as a safe stress level
[185]), r0 is a normalizing parameter determined from the stress at
which 1/e of the population survive and m is the Weibull modulus.

The Weibull modulus, m, is a dimensionless number used to
characterize the variability in measured strength of components
made from brittle materials, which arises from the presence of
flaws having a distribution in size and orientation [186]. A high va-
lue of m indicates a sharp distribution of strength data (high reli-
ability), while a low value represents a large scatter (low
reliability). It should be noted, however, that the Weibull model
is based on an empirical description of the probability of failure
of individual volume elements of the material (i.e. not relying on
fracture mechanics). Nevertheless, because of its practical applica-
bility, it has become the most widely used model to describe frac-
ture statistics in brittle materials.

The Weibull modulus has been used to evaluate the reliability
of ceramics [187–189] and dental cements [190,191], but the eval-
uation of CPCs has received little attention [109,130,133,153]. Mor-
gan and Dauskardt [153] evaluated the reliability of an apatite
cement in four-point bending, getting a value of 5.6 for the Weibull
modulus. Barralet et al. [109] investigated the reliability under
compression of CPCs prepared using different compaction pres-
sures, finding that the value of the Weibull modulus increases with
increasing compaction pressure. The authors attributed the in-
crease in Weibull modulus to the decreased range of flaw sizes.
Moreover, Barralet et al. [133] found that the addition of frozen so-
dium phosphate solution particles, which are used as porogen to
create macropores, is detrimental to the reliability of CPCs. Com-
pared to macropore-free CPCs, the reduced reliability (Weibull
modulus) of the macroporous CPCs is mainly due to its wider flaw
size distribution resulting from the addition of sodium phosphate
particles. Zhang [130] investigated the reliability of micro- and
macroporus CPCs, and found that the Weibull modulus of macro-
porous CPCs is higher and/or less variable than that of microporous
CPCs. Zhang attributed this result to the fact that, because macrop-
ores act as critical flaws, either alone or as interacting groups, be-
cause they are introduced in large numbers in each specimen and
because the porogenic particles are calibrated in size, the strength
of macroporous CPCs becomes more ‘‘deterministic’’, making their
Weibull modulus higher. While the Weibull modulus provides
useful information for assessing the reliability of CPCs, the
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requirement of a large number of testing samples may be imprac-
tical for some studies.

While the strength of CPCs has been widely investigated, frac-
ture toughness and reliability, which are actually the real limita-
tions for CPCs, have received little attention. Future studies
should focus more on these fields to promote applications in
load-bearing places.

4.4. Reinforcement of CPC

Despite numerous advantages, it is widely accepted that CPCs
need further improvements to their mechanical properties, espe-
cially fracture toughness, to broaden their potential clinical appli-
cations. As discussed in Section 4.1, the mechanical properties of
CPCs are affected by many factors. It is expected that these factors
can be adjusted to improve the mechanical properties. Among
them, porosity is the factor that is most detrimental to the
mechanical properties. Thus, one simple and effective way to im-
prove the mechanical properties is to reduce the volume fraction
of the pores in CPCs to get a denser matrix. This should be the case
for both toughness and strength [106,149], although in what fol-
lows most of the references on the subject deal with strength only.
Uniaxially, biaxially or isostatically compacting the cement paste
prior to hydration has proved to be an effective method to achieve
this goal. Chow et al. [111] demonstrated that compaction pressure
rather than compaction time could pronouncedly increase DTS as
compared to CPCs obtained by simple mixing, even though the
pressure is very low (2.8 MPa). Barralet et al. [109] showed that
with increasing compaction pressure between 18 and 106 MPa,
the porosity decreased from 50 to 31%, which resulted in an in-
crease in the wet compressive strength from 4 to 37 MPa. Ishikawa
and Asaoka [192] applied compaction pressures up to 173 MPa,
reducing the porosity down to approximately 26-28%. However,
they found that, when compaction pressures above 100 MPa were
applied, only a slight decrease in porosity was achieved and the
DTS was not pronouncedly improved.

Although the above approaches to increase the strength of CPCs
by improving the particle packing of powder reactants with a pres-
surizing technique work effectively, they have the same function as
decreasing the L/P ratio, which would influence the workability
and injectability of the cement pastes and might prohibit applica-
tion in minimally invasive surgery. In this sense, further improve-
ment should be considered to balance handling properties and
mechanical properties, or to improve them both at the same time.

Sarda et al. [39] added certain amounts of citric acid to the ce-
ment liquid to study its effect on the injectability and setting prop-
Fig. 3. Schematic illustration showing the distribution of starting powders (e.g. a-TCP, TT
the latter case powders are dispersed more homogeneously due to their higher surface
erties of apatite cements. It was found that citric acid can improve
injectability and strength at the same time. One of the reasons for
this improvement in strength is the reduced porosity that can be
achieved from the decreased L/P ratio that can result from the im-
proved mixing behavior. However, another strengthening mecha-
nism is also proposed. It is known that the more homogeneous
and denser the microstructure, the higher the strength. As men-
tioned previously, the mechanical properties of CPCs come from
an entangled network of apatite crystals. Citrate ions adsorb onto
the surface of reactants and of newly formed apatite nuclei, provid-
ing Coulomb repulsion, which counterbalances the Van der Waals
attraction between them [193]. In this way, the particles, instead of
agglomerating in the liquid, slide along each other easily and dis-
perse homogeneously (Fig. 3). Then growth and entanglement of
apatite crystals are based on these initially more homogeneous
microstructures of small apatite nuclei, and thus produces a stron-
ger matrix.

According to this prominent effect of citric acid on the improve-
ment of strength, Barralet et al. [127] and Gbureck et al. [126]
added sodium citrate to the cement liquid and compacted the
resulting cement paste, achieving compressive strengths of up to
180 and 154 MPa, respectively, which are in the strength range
of cortical bone, demonstrating the potential of this CPC system
for application in load-bearing places. It is worth noting that the
high applied pressure (e.g. 200 MPa) generally decreases the for-
mation rate of HA, indicating that an even higher strength could
be achieved with a longer hardening time [127]. Except for the
aforementioned synergistic effects of adding sodium citrate and
exerting an external pressure to significantly improve strength,
Hofmann et al. [128] found that a high strength can also be
achieved by adjusting the particle size and distribution of the pow-
der reactants, as well as by adding citric acid but without external
pressure. The effect of citric acid combined with other additives,
such as chitosan or glucose, on mechanical properties have also
been reported [95,194]. The authors [95,194] also noted that add-
ing different amounts of citric acid increased the strength of CPCs
to different degrees. Unlike the previous strengthening mechanism
proposed by Sarda et al. [39] and Barralet et al. [129], they sug-
gested that there is a chelate reaction between citric acid and cal-
cium, which might make crystals interlock tightly and could thus
account for the increase in strength.

Recently, Liu et al. [94] investigated the influence of four cellu-
lose ethers on the mechanical properties of CPCs and found that
the cellulose ethers studied have an evident toughening effect,
which becomes more significant with increasing molecular weight
and mass fraction of cellulose ethers. In addition to the effect of
CP, DCPA, DCPD. . .) in cement pastes formed without (a) and with citrate ions (b). In
charge. Inspired from Fig. 4 of [126].
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homogenization of the cement matrix, as discussed previously, the
authors [94] also ascribed the increase in toughness to the effect of
crack bridging by polymer ligaments. This was also associated with
a less brittle fracture and with a sort of tolerance to damage, the
material becoming able to withstand a certain extent of deforma-
tion before complete failure, as in the case of some fiber compos-
ites. The above-mentioned effects will be described and
discussed later. However, despite the significant toughening effect
endowed by adding cellulose ethers, a decrease in compressive
strength was observed in the composite CPCs as soon as some
polymer was added. This is due to the fact that, as mentioned pre-
viously, strength is dependent on both fracture toughness and de-
fect (pore) size. Although adding cellulose ethers can improve the
fracture toughness of CPCs, the concomitant sudden increase in
pore size decreases the strength. Then, as more polymer is added,
the strength increases with increasing polymer mass fraction in
comparison with control CPCs with identical porosities, which is
attributed to the increase in toughness [94,130].

Besides the aforementioned effect of densification and homog-
enization of the cement matrix, another main strategy to improve
the mechanical properties (especially fracture toughness) of CPCs
is to add fibers to their matrix. This notion of improving mechani-
cal performance by producing fiber composites has been widely
studied in materials engineering and has been realized in industrial
applications. For instance, reinforcement with fibers has been
extensively developed in the field of hydraulic cements and con-
cretes for civil engineering and building applications. The incorpo-
ration of fibers into a brittle cement matrix has been proved to be
an effective method to improve fracture toughness as well as ten-
sile and flexural strength [195].

In the fiber-added composite cements for civil engineering,
three mechanisms of fiber reinforcement (fiber bridging, crack
deflection and frictional sliding) appear to be operative (Fig. 4).
Fig. 4. Schematic illustration showing three mechanisms of fiber reinforcement (fiber b
Specifically, first, when the matrix starts to crack, the fibers bridge
the crack to resist its further opening and propagation. Secondly,
crack deflection by the fibers prolongs the distance over which
the crack propagates, consuming more energy in newly formed
surfaces. These two mechanisms have also been reported to be
the major contributors to the fracture toughness of human bone,
which is a hierarchical composite consisting of hard mineral nano-
particles (carbonated apatite) and a fibrous polymer (collagen)
[179,180]. Finally, the frictional sliding of fibers against the matrix
during pullout further consumes the applied energy and increases
the fracture resistance of the composite [146]. Due to the chemical
similarity between CPCs and cements for civil engineering, it is
strongly expected that, by adding fibers, the above toughening
mechanisms can also be achieved in CPCs.

Choosing the proper fibers is the premise of successful rein-
forcement of CPC composites. Generally speaking, a fiber with a
high tensile strength is essential. However, it is not only the fiber
type that is important: other factors, such as fiber length, volume
fraction, orientation and fiber/matrix adhesion, are also critical
for the final properties of the composite [57]. Cement pastes or
precursor powders can be mixed with fibrous materials having dif-
ferent spatial organizations (short fibers, random long fibers, wo-
ven structures, oriented yarns. . .), hence producing various
composite microstructures [56].

Moreover, to be used in CPCs, specific requirements must be ta-
ken into account in the selection of the fibers. First of all, they must
be biocompatible. Furthermore, in some cases, they can be used
not only as a reinforcement for the cement matrix at the early
stage of hardening but also as a porogen to create pores after com-
plete hardening. Then, in addition to being biocompatible, they
must also be biodegradable. Various fibers have been employed
in the reinforcement of CPCs to date. These can be classified into
two categories: (i) non-resorbable fibers, including collagen fibers
ridging, crack deflection and frictional sliding) in fiber-added composite cements.



Fig. 5. Stress vs. displacement curves of control CPC and CPC with 1% of HPMC
(E4M). The addition of E4M appears to make composite CPC less brittle, endowing it
a sort of tolerance to damage.
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[152], polyamides [139,142], carbon fibers [142,144,147] and glass
fibers [142,143]; and (ii) resorbable fibers, which are mainly
natural or synthetic polyesters such as polylactide (PLA) [145],
poly(lactic-co-glycolic acid) (PLGA) [141,150,196–199] and poly
e-caprolactone (PCL) [145] or chitosan [200].

Xu et al. [142] investigated CPC reinforcement by adding polya-
mides, carbon, glass and polyglactin fibers with different lengths
and volume fractions. They found that both the volume fraction
(with fixed fiber length) and the length (at constant fiber volume
fraction) of these fibers have significant effects on the mechanical
properties (flexural strength, Young’s modulus and work of frac-
ture). The mechanical properties gradually increased with increas-
ing fiber volume fraction. However, a plateau or a decrease
following the increase was often observed in the mechanical prop-
erties at high fiber volume. This is mainly because the high volume
of fibers may compromise their workability, making it difficult for
them to be mixed and wetted by the CPC paste, leaving space be-
tween fibers and matrix [142,143]. A similar evolution in mechan-
ical properties was also found in CPCs with increasing fiber length.
The authors ascribed the decrease in mechanical properties to the
heterogeneous distribution of the long fibers [142]. This negative
effect of heterogeneous fiber distribution was also observed in
Dos Santos et al.’s study [139], where the compressive strength
of composite CPCs showed great variability. Being considered as
the shortest ‘‘fibers’’, carbon nanotubes (CNT) and multi-walled
carbon nanotubes (MWCNT), which find wide applications in sin-
tered HA–CNT composites [201], have also been used as reinforcing
agents in CPCs [144,147]. Wang et al. [144] mineralized CNT with
an HA nanoparticle layer to improve their wettability towards CPC.
Compared to pristine CNT, which only slightly improved the com-
pressive strength of the CPC, the mineralized CNT significantly im-
proved the mechanical properties of the CPC due to the enhanced
interfacial bonding between them. Similarly, Chew et al. [147] used
hydroxyl functionalized MWCNT (MWCNT-OH) to increase the
strength of CPC. The authors found that a further increase in the
strength of CPC/MWCNT composites cold be achieved by adding
an appropriate amount of bovine serum albumin (BSA), which pro-
motes CPC crystal growth. Due to their compositional similarity to
apatite cement matrix and bone mineral, Muller et al. [140] used
hydrothermally synthesized HA whiskers to reinforce CPCs, report-
ing maximal increases of 60 and 122% in flexural strength and
work of fracture, respectively. However, the addition of non-
resorbable fibers could be a meaningful strategy only for non-
resorbable CPCs. The incorporation of these non-resorbable fibers
into resorbable CPCs could cause fiber release into the surrounding
tissues, with the subsequent biocompatibility risks [56].

Unlike non-resorbable fibers, the reinforcement of CPCs with
resorbable or biodegradable fibers relies on a different strategy.
On the one hand, the addition of resorbable fibers can provide early
temporary reinforcement at the implant site. On the other hand,
after fiber degradation, the resulting macropores can facilitate
bone ingrowth. Xu and Quinn [198] investigated the evolution of
the mechanical properties (flexural strength, Young’s modulus
and work of fracture) of CPCs reinforced with 8 mm long PLGA fi-
bers at 25% fiber volume. Their results showed a threefold increase
in flexural strength and a 100-fold increase in work of fracture; in
contrast, no prominent differences were observed in the Young’s
modulus. With increasing immersion time, the mechanical proper-
ties of the composite CPCs progressively decreased at different
rates with fiber degradation. A laminar-like mesh consisting of
knitted fibers was also used to improve mechanical properties of
CPCs [199]. Similar to their previous study [198], by adding mesh,
the authors observed a threefold increase in flexural strength and a
150-fold increase in work of fracture. After 84 days of immersion
and mesh dissolution, interconnected macropores suitable for
bone ingrowth were created in the CPCs. Zuo et al. [145] tried to
improve the mechanical properties of CPCs by using ultrafine PLA
fibers with a controllable diameter, made using an electrospinning
technique. However, due to their hydrophobic properties, most of
the fibers displayed an obvious separation from the CPC matrix.
The flexural strength and Young’s modulus decreased gradually
with the addition of fibers. Conversely, the work of fracture pro-
gressively increased with increasing fiber content, which was
attributed to an increased flexibility of the CPCs. Recently, Kruger
et al. [202] used degradable magnesium wire to reinforce CPCs,
reaching a maximal flexural strength of 140 MPa, which is in the
range of the reported values for cortical bone.

As for resorbable fibers, macropores produced from fiber degra-
dation can promote bone ingrowth. However, these macropores
are detrimental to the mechanical stability of CPCs before new
bone grows into the pores. To solve this problem, several types
of fibers having different resorption rates could be used simulta-
neously [41]. The fast degradable fibers create pores for bone in-
growth, while fibers with a low degradation rate provide
strength to the implant. Once new bone has grown into the mac-
ropores created by the fast degradable fibers (thereby increasing
strength), the fibers with a low degradation rate start to dissolve
to create macroporous channels for continuous tissue ingrowth.
Similarly, a layered CPC structure was developed by combining a
macroporous CPC layer with a fiber-reinforced strong layer, en-
abling fast bone ingrowth into the macroporous layer and contin-
uous bone ingrowth into the fiber-reinforced layer after fiber
degradation [203].

Moreover, in conjunction with fibers, various additives such as
chitosan lactate or HPMC have been incorporated into CPC to at-
tempt to improve different properties. Zhang and Xu [204] incor-
porated chitosan lactate into CPC–fiber composites as an
additional reinforcing agent. Their results show significantly im-
proved mechanical properties with respect to the separate contri-
butions of fibers or polymer alone. The synergistic reinforcement
can be explained as follows: the addition of chitosan lactate into
the CPCs produced a stronger matrix to support the fibers to better
resist crack propagation, with the strong matrix amplifying the fi-
ber effect. Moreover, the matrix/fiber adhesion may also have been
improved by the addition of chitosan lactate. Xu et al. [205] added
HPMC at a mass fraction of 1% to a macro-CPC–fiber composite, as
a gelling agent. The incorporation of HPMC maintains the injection
force of the CPC–fiber composites with different fiber volume frac-
tions within a low range (6–10 N), which greatly facilitates injec-
tion. Recently, with regard to stem-cell-based tissue engineering,
the addition of stem cells into fiber-reinforced CPCs is starting to
attract attention [206–208].
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The addition of fibers generally has a positive effect on the frac-
ture behavior of CPCs, endowing the latter with some degree of tol-
erance to damage, as in the case of composite CPCs prepared by
adding polymers to the paste (Fig. 5). This tolerance to damage is
very interesting for biological applications, since the material, in
the case of an overload, will nevertheless retain some degree of
mechanical integrity, which will both prevent debris from escaping
the implant site and allow the material to withstand further (re-
duced) loading.

In summary, based on the above review, two main strategies
can be proposed for enhancing the mechanical properties of CPCs.
First, under the premise of keeping critical factors for bone in-
growth or other biological performance, a denser and more homo-
geneous matrix consisting of smaller crystals would be desirable to
improve the ‘‘intrinsic’’ mechanical properties. Second, incorpora-
tion of fibers and/or of polymers into CPCs could supply extra
enhancement of mechanical properties. However, deliberate selec-
tion of the second phase (fibers with proper type, length and vol-
ume fraction, or polymers with appropriate structure, molecular
weight and volume fraction) should be taken into account.
5. Conclusion

The chemistry and kinetics of the setting, handling properties
and mechanical properties of CPCs for bone substitution were re-
viewed with emphasis on their mechanical performance. Many
processing parameters, such as powder particle size and composi-
tion, can be adjusted to control the setting process, concomitantly
influencing the handling and mechanical performance. The meth-
ods used to improve injectability may nevertheless often compro-
mise cohesion, and vice versa. Increasing the viscosity of the
mixing liquid seems to be the most suitable strategy to improve
both cohesion and injectability at the same time. In general, CPCs
have a poor to moderate mechanical performance, with compres-
sive strengths comparable to those of cancellous bone, showing a
potential for the repair of non-load-bearing defects. However, un-
der the effect of densification and/or homogenization of the ce-
ment matrix, CPCs with strengths comparable to those of cortical
bone can be formed, and these cements may have potential for
the repair of load-bearing defects. Fracture toughness, tolerance
to damage and mechanical reliability appear to be the real limiting
factors for CPCs’ applications in load-bearing bone repair, and we
believe they have received too little attention so far. The addition
of fibers to CPC matrix is shown to be an effective method to im-
prove fracture toughness through crack-bridging and crack deflec-
tion toughening mechanisms. Future research should focus more
on fracture toughness, tolerance to damage and reliability, and
especially on ways to improve them without sacrificing the other
important properties that make CPCs good bone substitutes. More-
over, since complex tridimensional and cyclic loads are often ap-
plied, shear and fatigue properties of CPCs, which have been
rarely reported [119,209], should also merit investigation which,
together with compressive, tensile (bending) properties, fracture
toughness and reliability, will bring a more complete understand-
ing of the mechanical performance of CPCs. Finally, it will also be
desirable, from the viewpoint of surgical application (e.g. verteb-
roplasty, trauma surgical procedures), to develop a CPC combining
good handling properties, better mechanical performance and fas-
ter bone replacement. To achieve this, it seems that the fabrication
of composite cements by adding some natural polymers or their
derivatives (e.g. HPMC [94]) into the starting powder or in solution
into the cement paste, could be an interesting option. However,
these new generations of composite cements would still present
a limited porous structure that hampers both interactions with
biological fluids and cell colonization. Thus, another challenge
would be to develop composite CPCs where the added organic
component would allow the formation of a foam structure that
might present some adhesive and plastic properties that could be
of interest for surgical applications. A balance would then have
to be found between the biological performance and the changes
in mechanical behavior provoked by both the macroporosity and
the composite effect. However, a complete study of the chemical,
handling, mechanical and biological performances is still pending.
Such future research should also consider the ability of the mate-
rial to withstand stresses over time, i.e. until the load bearing
can be assumed by newly formed bone.
Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 2 and 5, are dif-
ficult to interpret in black and white. The full color images can be
found in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2013.11.001.
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